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PIOTR WERNER'

APPLICATION OF CELLULAR AUTOMATA AND MAP ALGEBRA IN STUDIES
OF LAND USE CHANGES
THE NEIGHBORHOOD COEFFICIENTS METHOD*

Matto: Everything is related to evervthing else only near things are more related than distant things
(W R. Tobler, 1970)

Key words:
Land use, land cover, cellular automata, map algebra, neighborhood coefficient, simulation, urbanization, Warsaw

Abstract

Cellular automata are mathematical models for complex systems containing large numbers of simple identical com-
ponents with local interactions.

The aim of the research is to verify the hypothesis stating that existing spatial pattern and the range of area with dif-
ferent classes of land use show defined tendencies for further spatial development according to the geographical model. The
idea of using of the neighborhood mdicator in analysis of land use changes 1s combination the method of map algebra and
two-dimensional cellular automata. The aims of research are formulating the theoretical structure of the neighborhood in-
dicator and checking its usability in practice.

During the process of simulation, socio-economic and physico-geographic factors are not taken into consideration.
According to Foteringham (et al,, 2000), one of the purposes of cartographical analysis is indirect understanding of the
phenomena by analyzing spatial patterns and inferring spatio-temporal processes recognizing local hot-spots.

On the basis of a statistical analysis of the neighborhood indicators the transition rules for cellular automata were
formulated to the purpose of the simulation of the state of the extent of these areas in the future,

The sets of the transition rules derived from the calculated neighborhood coefficients will be the base for simulations.
The processes consist not only of computed transition rules but of all the neighborhood coefficients and simulation steps
which are also (geo)visualized and statistically verified for the past.

! University of Warsaw, Faculty of Geography and Regional Studies, Warsaw, Poland, e-mail’ peteri@uw edu.pl.
* Written within the framework of the research project: The Research Method and Forecast of Land Use Changes using Map
Algebra and Cellular Automata.
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TOMATOW KOMORKOWYCH | ALGEBRY MAP W BADANIACH ZMIAN

UZYTKOWANIA ZIEMIL. METODA WSPOLCZYNNIKOW SASIEDZTWA

Usytkowanic ziemi, pokrycie terenu, automaty komorkowe, algebra map, wspolczynnik sasiedztwa, sy mulacya,

8
WYKORZYSTANIE AU
Slowa Kluczowe:
urbanizagjs, Warszawa

Abstract

Obserwowana zale2znoéé dotyezaca sposobu uzytkowania ziemi fragmentow badanych obszarow winze je z rodzajem
pokrycia i uzytkowania terenow sasiadujgcyeh; tzn. 1o w jaki sposéb wykorzystywana jest gospodarczo obserwowana
(badana) dziatka (nieruchomos¢) ma zdecydowanie mnicjsze znaczenie dla przyszlego jej wykorzystania niz istniejyee
w sasiedztwic sposoby uzytkowania terenu. Sytuacja, sasicdztwo istniejacych i przewazagaeych w danym regionie typow
uzytkowania fragmentow terenu (dzialek) jest w pewnej mierze determinanta dalszych zmian uzytkowania.

W artykule przedstawiono koncepcj¢ wykorzystania wskaznika sasiedztwa w analizie zmian uzytkowama ziemi ly-
czaca w sobie metodg algebry map oraz dwuwymiarowych automatow komorkowych. Przedstawione rozwazania majq na
celu sformulowanie konstrukcji teoretyczne) wskaznika sasiedztwa oraz sprawdzenie jego przydatnoser w prakiyvee. Do
tego celu wykorzystano mapy zasiegu obszaru zurbanizowanego aglomeracyi Warszawy w latach 1969-1996. Na podstawie
analizy statystyczne) wskaznikéw sasiedztwa sformulowano reguly przejs¢ w celu symulacji stanu zasiegu obszaru zurba-

nizowanego aglomeracyi Warszawy w 2023 roku.

Prezentowany model jest pierwszym autorskim opracowaniem metodyki konstrukeji wskaznikow sasiedztwa w opar-
ciu o nutomaty komérkowe i proba zastosowania funkcji zogniskowanych algebry map do symulacji zmian w modelu bi-
narnym - prezentujacym tylko dwa stany uzytkowania ziemi, w celu weryfikacji i operacjonalizacji metody.

Summary

The idea of using of neighborhood coefficients in the
analysis of land use changes is a combination of map al-
gebra and two-dimensional cellular automata, The aim of
the study and presented considerations is the theoretical
construction of the neighborhood coefficients as well as
checking their usefulness in practice. The maps of the extent
of urbanized areas of Warsaw 1969 and 1996 were used
as the research area to obtain this task. Next, the set of
fransition rules were constructed, based on the statistical
analysis of neighborhood coefficients, They were applied
10 the process of simulation of the extent of the probable
urbanized area of Warsaw in 2023,

- Land use is defined as spatial distribution of forms
) uk;ldcﬂvamhu. utilized or not by man within frame-
work of the spatial and mutyal relationships. The term

refers to the functional character of a given terrain and is
identified also with the socio-economic description of the
surface (Ciotkosz & Bielecka, 2005, after Stamp, 1960,
Kostrowicki, 1959),

The observed dependency of land use and neighbor-
g land cover patches is pointed out in many publications
from geography or spatial economy; i.e. the economic uti-
lization of observed lot (or patch) has not as for reacking
consequences for future as the existing land use in its neigh-
borhood. Either the situation, existing neighborhood or
predominant land use types in a given whole region are the
factors stimulating of further land use changes of the ob-
served lot (Hagoort, 2006).

The majority of land use models come from geogra-
phy. They usually concern modeling the development of
urbanization. But not only. The generalization of the results
of the research investigations are the conclusions concerning
the stability of land use. The majority of observations proved

APPLICATION OF CELLULAR AUTOMATA AND MAP ALGEBRA IN STUDIES OF LAND USE CHANGES. 9

the consolidation of the given land use forms, but there were
local stability phenomena or geographical and historical
inertia processes dominating over the existing forms of ur-
banization (Hagoort 2006, after Wilder. 1985, Bourne, 1965,
Lee, 1974, Batty, 1996). The collision of different types of
land use with existing ones i neighborhood can be the
modifying factor. Other factors which can be taken into ac-
count are spatial and economic externaliies. 1t was observed
that the existing patterns of lot and neighborhood land use
consolidate through the succession

The state of art: research methods and models of
land use changes

The wide set of tools and methods has been used to
studies of lnnd use changes. Between others the statistical
and econometrics models were used (determined usually
by the domain of the scientist). Geographers often used
spatial interactions models, spatial planners — models of
(nom)linear programming and cconomists either utility
maximization models or often multi-enteria and multipur-
pose decision support systems. The research field of land
use changes is interdisciplinary and forces the application
of integrated tools based on simulations; The input - out-
put models (Hagoort, 2006) as well as fuzzy logic (Bitozor,
2003 ) were also used. GIS software obviously has became
the tool of simulations and geovisunlizations of the mod-
els’ results.

The two categories of factors influencing land use
changes (both within urban and rural areas) were confront-
ed. The core of the studies was the evaluation of spatial
changes arising from affecting neighborhood and succes-
sion for each form of land use for a given area. The defini-
tion of basic spatial unit was an inseparable and indispen-
sable element of the studies. This problem was connected
with the scale of spatial research; either the real estates lots,
administrative units or even the (ijregular geometrie grids
of cells (e.g. squares, Voronoi's polygons) could be used.
The spatial units were eategorized according to the pre-
defined typology of land use classes.

Obviously the number and the types of classes of
land use differentinted dependent on the aim, the seale and
the area of geographical study.

One kind of these studies s CORINE Land Cover
(CLC) mventory database worked out in the framework of
the EEA - European Environment Agency project. Accord-
ng to the metadata file, all features on the map were digitized
from an interpretation of Lundsat TM satellite image print-
outs to scale 11100000, The positional accuracy (according
to CLC specifications) was 100 m and 25 ha minimum map-
ping unit. The format of map files s BIL - band interleaved
by line, The longitude that defines the center of a projection
was 097007007 E and the latiude that defines the center of
a projection - 48°00°00™ N, The reference svstem s Lambert
Azimuthal, The seale of digital maps is defined as 1:25000.
The legend of maps contain 50 (numbered) classes of land
use (Ciolkosz & Bielecka, 2005)

The dynamues of changes of land use forces monitor-
ing this process, especially within transitional zones be-
tween cities and villages, but also in such cases applies to
the descnibed above modeling tools and spatial units. The
practice of studies reduces into cartographical analysis of
maps, the satellite or aerial images for a given configuration
of spatial units

Another aspect of the research of land use chang-
es takes into account spatial externalities (Hagoort,
2006). They are defined as unexpected indirect results
of leverage of men causing changes of costs or the val-
ues for other ones — without visible operations (Mishan,
1969). Spatial externalities of land use changes disclose
themselves usually throughout intensity (rate) and spa-
tial extent. Both negative and positive spatial externali-
ties can be distinguished. Higher spatial externalities
related to given spatial land use class (form) impheit
higher probability of the change of land use class for
a spatial unit (Tobler, 1979}, Summarized influence of
land cover spatial externalities (net externalities) can be
analyzed using multi-variables models, spatial or con-
ditional spatial models of land use changes (according
1o Tobler — described detailed further). On the other hand
the land use map (land cover map) does not contain
important information as, e.g. environment protected
areas, coverage of spatial organizations plans or urban
antique areas which are also factors influencing the way
and rate of land use changes. The are numerous examples
taking into consideration individual geographical re-
gions,
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Models of Iand use changes

main changes of land use were recognized and
the set?femodels was distinguished (Hagoort 2006, after

}—.“bllmﬁ model of changes: each land use form 15
not related to the previous one in the same place; this
is a random variation; .

2. Dependent model of changes: each land use form 15
strictly related to the previous one in the ume PIncc;
future land use depends on the present situation in the
same place;

3, Historical model of changes: newly appearing land use
forms depend directly on at least two chronological
previous ones in the same place;

4. Multivariate model of changes: when the future land
use depends on many different features, recognized at
present in this area;

5. Geographical model - spatial model of changes — the
future Jand use in the place depends on the neighbor-
hood (at present).

6. Future geographical model - conditional spatial model
~ the future land use in the place depends on planned
land use forms in the neighborhood.

The regions of urbanization are the most interesting
for geographers. The studies of urban land use changes are
the larger part of numerous research projects. Their conclu-
sions were diffcrent because the studies concerned spe-
cific and different geographical locations. However some
common findings were recognized. The different elements
of landscape change with different speed (Whitchand,
1967) but some of them are more susceptible to changes
and additionally the different rates of land use changes take
place relative to cities centers (Wilder, 1985). Different
temporary profiles of urban land use changes became
longer than the scale of man’s life and even longer than the
perspective of spatial planning (Wegener, 1995). On the
other hand, the courses of main streets are usually the most
durable elements (Whitehand, 1967) and some types of

land use forms are not subject to changes or the successions

do not take place (Wilder, 1985),

Cellular automata as the research tool of land use
changes

The changes of land use can be treated as a complex
and {at least partly) random process. The complexity of
interactions implicates that conventional deductive models
are constrained especially in the case of spatio-temporal
phenomena (Fulong Wu, 1999). Probabilistic models are
also effectively applied. They make use of concepts of
random development of reality, and the notions of statisti-
cal events, probability. random variables and empirical
distributions of probabilities (Ratajezak, 1999). According
to Foteringham (et al, 2000). one of the purposes of spatial
and visual analysis of maps is indirect understanding of the
phenomena by analyzing spatial patterns and inferring
about spatio-temporal processes. Wolfram (2002:299)
stated three possible mechanisms that can be responsible
for complexity and randomness: “(...) there is random
input from the environment at every step (...) there is ran-
dom input only in imtial conditions. And in the third case.
there is effectively no random nput at all (...)" The first
mechanism is captured in the so-called stochastic models.
The second is suggested by chaos theory. The third mech-
anism 15 suggested by the behavior of simple programs (op.
cit.). This approach is related to use of cellular automata
in research of land use changes (Wemer, 2005).

One can observe a more and more frequent applica-
tion of cellular automata to geographical research (Takeya-
ma, Couclelis, 1997). “Cellular automata may be consid-
ered as (parallel-processing) computers, in which the imitial
configuration encodes the program and input data, and time
evolution yields the final output™ (Wolfram, 1982). “Cel-
lular automata are mathematical models for complex natu-
ral systems containing large numbers of simple identical
components with local interactions. They consist of a lattice
of sites, each with a finite set of possible values, The value
of the sites evolves synchronously in discrete time steps
according to identical rules. The value of a particular site

is determined by the previous values of a neighborhood of

sites around it.""

" hitp/fwww.brunel.ac uk/depts/Al/alife/al-wol f2.htm
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The cellular automaton s represented as follows":
A=(a S, N.J)

where:

[t} Jl'gllf{ﬂ' J__{]'Ih“ ['(}J’"ﬂr}.\l’d f!f('l'”.‘

S — stare I'J_,rt‘t.'”

N —neighborhood

f~ transition rule t'{fmmmmmu

Usually the anamorphic plane (the map) covered
with the grid of cells is considered as the base of the study
of land use changes with cellular automata. The ranges of
different land cover forms should be disjomnt but they
should cover the whole area (without undefined regions).
It means that each cell should have only one state and no
one cell in the grid should be undefined. This 1s the way of
quantification of the space. There appears the model of two
dimensional cellular automaton with appropriate, countable
states. Usually one the two types of neighborhood is de-
fined: von Neumann or Moore. The tenet depends on the
connections of edges and vertices.

L)

I

Fig. 1. Different neighborhoods of cellular automaton
(a) von Newmann, (b) Moore, (¢) von Neumann-Moore,
(d) extended Moore

Rys. 1. Otoczenin automatow komarkowyeh: (n) von Neu-
mann'a, (b) Moore'a, (¢) von Neumann-Moore's,
(d) rozszerzone Moore'n

' The theory of cellular amtomata was by John von Neu-
mann with the help of Polish mathematician Stamislaw Ulam,

The transition rule defines the evolution of cellular
automaton: the state of every cell in the centre changes in
every step (the ime t + | ) depending on its initial state as well
as on the initial state of cells in the neighborhood (m time t).
The transition rules can be described by an algorithm, with
a table or with a set of established rules. Also shore conditions
before the expeniment (simulation) are important.

The imual conditions of the study of land use chang-
es with cellular automata are pre-defined by the existing
land cover

Stephen Wolfram classified all 256 one-dimensional,
two-states cellular automata, distinguishing four main
classes of their behavior (2002:231)

* Class 1: the behavior is simple, and almost all ini-
tial conditions lead to exactly the same uniform final
state;

* Class 2. there are many different possible final
states, but all of them consist just of a certain set of simple
structures that either remain the same for ever or repeat
every few steps;,

* Class 3: the behavior is more complicated. and
seems in many respects random, although triangles
and other small-scale structures are generally seen at some
level;

* Class 4: mvolves a mixture of order and random-
ness: localized structures are produced which on their own
are fairy simple, but these structures move around and
interact with each other in very complicated ways.

Additionally, one should distinguish between deter-
mumstic and probabilisuc cellular automata. The latter are
based on the averages of neighborhood cells, which in tum
define the probability of the final states.

The notations of cellular automata

The attempts to introduce the notations of cellular
automata involving a description of transitions rules did
not succeed, apart from the notation by Wolfram in 1983
for one-dimensional, two-states ones. Wolfram notation as
follows: the numbers describe all possible configurations
of the states of a central cell and neighborhood ones (two
states, three cells: 2" = 8 numbers). For each configuration
the value 1s interpreted as a binary number.
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The two-dimensional, two-states cellular mfmmlon
is sometimes described with letter H (fr. huite — eight ones
around the center). For example three cells with ones ar¢
described as H3 (for Moore neighborhood).

The neighborhood coefficient is proposed as the no-
tation for two-dimensional cellular automata either for two
_ or more states. The coefficient in fact is the umque number
and each fits for a definite configuration of call values. It

Table 1. Symbolic, decimal and graphical (geographical) notation

can be applied to any neighborhood and defined (not py-
merous) number of states of cells. The neighborhood coef-
ficient can accept very large values, growing exponen-
tially near larger number of states and the larger number
of cells. For a given Moore neighborhood, two-dimen-
sional, two-states cellular automata, the algorithm of neigh-
borhood coefficient is the following:

Tabela 1. Zapis symbaliczny, dziesictny i graficzny konfiguracji komérek w otoczeniu Moore'a

Symbolic notation Graphical & geographical notation
=hal=ls 0 J*2%=5 142'=0 0e2%=1 &
il a0 192%=32 1*2%=16 0%2'=0
0jo|o0 0*2'=0 0*2=0 0°2=0
traditional H3, Decimal notation (34) [CLNINEO.EOSEDS0.SW0,WINWI]
propased H Binary notation 000110110

The proposed notations for the configuration of
value of the cells in table 1 are as follows:

— Symbolic notation H,*

— Binary notation H}milono

- Text notation {C1, N1, NEO, E0, SE0, 50, SW0,
W, NW1}

Thus simple notation allow to tie, mutually, with one-
to-one relation, the configuration of values of the cells and its

description (symbolic notation). The algonthm enabling its
transformation into a binary record and next into a graphic
notation is break-down number 54 on factors, dividing mod-
ulo 2. The letter H defines that there is the Moore neighborhood.
and the binary record is stable, i.e. the positions of binary
digits are always occupied by the same cells. The rests of divi-
sion (the division of modulo with the number of states) define
the spatial distribution of states of individual cells (see table).

Cell dividend (divider = 2) odilod

NE  —0°F st 5

M1 27 1

NW — |*2 3

E — 2 73 1

C P 3 0

w — % : 1

SE — 02 5 1 ]

5 — 5 0

SwW — (2 o g

@ Binary nofation from the rests 000110110
I 08244 092140424+192'+1 924042+ 1922+ [ 2140°2° = 54

This algorithm can be proved with math
3 28 : ematical
wﬁmy.(b‘ll_llmud]nﬂshbmhmdmdmy{dm
Ew“: but the author leaves it for mathematicians
only more examples will be presented further.

In case of two-dimensional, two-state cellular au-
tomata for Moore neighborhood the finished number of
configurations of values is equal W} = 2'= 512. For the
neighborhood coefficient H ™ the appropriate text notation

APPLICATION OF CELLULAR AUTOMATA AND MAP ALGEBRA IN STUDIES OF LAND USE CHANGES 13

is the following {C0, NO, NEO, EI, SEI, S1, SWI, W1,
NWO} and the related graphical notation:

The H}" — H ransition rule 8 * — § can be
denoted as the following , for the passage of the configura-
tion 001110001 into 111101000,

For larger number of states - the number of possible
neighborhood coefficients (Moore neighborhood) grows.
Taking six-states, two-dimensional cellular automata for
Moore neighborhood — finished number of all configu-
rations carries out Tl-" = 6= 10 077 696. For all values
of cells equal to 0 the neighborhood coefficient takes
HY (H 50 For all cells equal to value 5 — H ™7
(H**%%%%) The algorithm is presented in the table below

Cell Dividend (divider = 6) Floor result {w:f:u 6)
NE — 56" 10077695 1679615 5
N — 5*6' 1679615 279935 5
NW — 5% 279935 46655 3
E — 5% 46655 7775 5
| H — 5*6' 7775 1295 5
w — 5*6* 1295 215 5
SE — 5% 215 35 5
S — 5 35 5 5
SW —+ 5% 5 0 5
Hexagonal notation 555555555
checking l UGPSR TGN S06T 5656 5261576 +5 6" = 10077695

Next examples describes 16 - state, two-dimen-
sional cellular automaton. Maximum value, when all cells
for Moore neighborhood are equal 15 (F ~ hexadecimal)
carry out 6,87 E + 10, but the number of possible configu-

rations one more. If random number from the range 1s
24852515340, then the reconstruction of the configuration
of values of the cells 1s the following:

Cell Dividend (divider =16) Floor result lmor; 16)
NE — 12*16° 24852515340 1553282208 12(0)
N — 0*16' 1553282208 97080138 0(0)
NW — 10*16° 97080138 6067508 10(A)
E — 4%16 6067508 379219 4(4)
C — 3*16 379219 23701 3(3)
w — . 5*16' 23701 1481 5(5)
SE - Ov16* 1481 92 99
S — 2%’ 92 5 12(C)
SW — 5%16 5 0 i3

Hexadecimal notation SCO534ADC

checking | S%16LH12% 16497 | 6545 16443 1 6444% 16"+ 10% 1 6-+0* 16'+12°16°=2483251 5340
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) : For (2D50S) - 50-states, 2- dimensional cellulyr
:on for Moore neighborhood _
And the graphical notation et automaton the reconstruction of neighborhood (Moore)
I coefficient equals HJ#'™ (H™"") and is the following:
[aJo]C
5134
5|C|9
Rest =
Dividend (divider =50) Floor result (modulo 50)
1,61E+14 322E+12 ::
| 32E+12 6.44E+10
6,44E+10 1,29E+09 0 N
1,29E+09 258E+07 | 0
3 S8E+07 5,15E+05 | 0
5,15E408 1,03E+4 | ()
1,03E+04 2,06E+02 | 4
2,06E+02 4, 00E+(H) | 6
4,00E+00 0,00E+00 | 4
notation | 46400000
425062 507+4*50°+0° 5004 50°+04 50" +0* 501+0* 50" +0*50"=| 61 E+14
checking I
And graphical notation: + focal operations compare the value in each cell
with the values in its neighboring cells — most ofien eight
o]0 neighbors;

Geovisualization of land cover using cellular auto-
mata and map algebra

The cellular automata are similar to map algebra
maodels in GISc. There have been numerous approaches
developed to create a of uniform methodology joining both
ideas (Takeyma & Couclelis, 1997). Map algebra is the
scheme of cartographical modeling. It describes all
the possible transformations of raster maps assembling
them in four basic classes. They are the followin 2 (Takey-
ma & Couclelis 1997, Longley et al. 2006, after Tomlin,
1983):

A local operations examine rasters cell by cell, com-
paring the value in each cell in one layer with the values
in the same cell in other layers;

» global operations produce results that are true of
the entire layer, such as its mean value;

= zonal operations compute results for blocks of con-
tiguous cells that share the same value, such as the calcula-
tion of shape for contiguous areas of the same land use,
and attach their results to all of the cells in each contiguous
block.

The assumption of the analysis of land use is that
there is one-to-one relation between land cover class de-
scription and its unique number.

Cellular automata could be perceived as an clement
of map algebra. The neighborhood coefficients described
above concern focal operations. Yet not only. Cellular au-
tomata transform layers or zones into quite new maps -
neighborhood coefficients maps. Their statistical analysis,
companson of two situations for different years lets us
define main tendencies and carry out a simulation of the
future land use (see figure):
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1 rhap ol landd
cover

1 miap oflsnd mie

danies (numieric)

Fig. 2. Steps in analysis of neighborhood
Rys. 2. Kroki w analizie sqsiedztwa

Theoretical example of land cover analysis

For a given theoretical representation of land cover
map with six classes described as 0,1.2.3.4 and 5 the
number of all possible configurations in Moore neighbor-
hood carries out 6"=10077696, Taking into account the
shore conditions it 1s assumed that all cells out of border
will be equal to 0

Fig. 3. Random generated map of land cover. The conerete
classes of land cover are described with numbers be-
tween 0 and 5 (see description in text)

Iys. 3. Losowo wygenerowana mapa pokrycia terenun, Po-
szczegdlnym Klasom pokrycin terenu praypisano nu-
mery od 0 do 5 (por. opls w tekécie)

The counted neighborhood coefficients can also be
presented on the map:

Fig. 4. The map of neighborhood coefficients
Rys. 4. Mapa numeryczna wspolezynnikow sasiedztwa

The statistical analysis of histogram proved that the
map is multimodal. There are two modes. These are coef-
ficients H " and H_ """ The median 1s equal to H *™*
and the average to H, ™, There are the following con-
figurations of Moore neighborhood:

Table 2. Modes, median and average of the neighberhood
coefficients map

Tabela 2. Wartosci mody, mediany i $redniej dla mapy wskaz-
nikdw sgsicdztwa

HI% — mode H{™™ — mode

H "™ — median 0 ] H_ € _ average

Frequency of particular neighborhood coefficients
are presented in the table below:
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Table 3. Frequency of neighborhood coeflicients
Tabela 3. Czgstosé wystgpowania wskagnikdw sysiedziwa

’_ Neighborhood Number | % | Cumulative %
cocfhicients

below 18662 4 4 4

cqual 18662 3 3 7
between 24774 and 90 %0 97
10077694

equal 10077695 3 3 100
total 100 | 100 x

Empirical case study: analysis of land use chang-
es for 2D&2S cellular automata

The statistical analysis of land use changes and the
definition of the successions rules can be done for given
two maps of neighborhood for different years. In fact, if
the order of appearance of neighborhood coefficients 1s
defined this means that the transition rules of cellular au-
tomaton are defined. These are focal and local operations
according to map algebra.

The starting point of analysis are maps of the extent
of the urbanized area of Warsaw in 1969 and 1996. The
maps can be treated as a model of 2-dimensional and
2-states cellular antomaton.

The first analysis made earher (Werner, 2005) used
a probabilistic model and the so called outer totalistic rule,
The state of the central cell was evaluated by applying the

state of surrounding ones and multplied by appropriate
weights taken from the cellular automaton rule, The cel-
lular automaton is also normalized so that they add up o |,
In fact it was random search for an appropriate rule - gpe
of 512 possible. The verification of the cellular automagop
operations was done through the comparnisons of the sipy.
lation results with the real extent. Such research gives some.
tmes incidental transitional rules, may be of relative worth,
because one cannot definitely prove that there is no another
transition rule which better maps the real situation,

The proposed method is an application of neighbor-
hood coefTicients to the transition rules defimtion. In this
case the study concerns only the deterministic cellular ay-
tomata. There where two raster maps used in the simulation
starting (1969) and verification (1996) ones. Uhorezak's
map (1969) of land use in Poland and CLC coverage was
worked out in 1996. The maps present a spatial pattern
using two states: | (black) for the urban and suburban
areas, 0 (white) for the rest of cells

The visual analysis of maps proves that the extent
of urbanized areas 1s expanding. The statistical analysis of
coefficients shows that the predominant neighborhood con-
figuration 1n 1969 year consists of empty cells around
a single central urbamzed one within Moore neighborhood.
If there are more urbanized cells they are present most
frequently in SW cells, In 1996 the most frequent configu-
rations are either for all cells marked as urbanized or just
the opposite, till 1969, cells marked as urbanized are present
elsewhere except of south-west part of Moore neighbor-
hood.
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Inble 4. Statistical analysis, maps and histograms of neighborhood cocfTicients for the extent of Warsaw urbanized area in 1969 and 1996
Tabela 4. Opis statystyczny | mapy oraz histogramy wskaznikiow sqsiedztwa na podstawie map zasiegu obszaréw urbanizacji aglo-
meracji Warszawy w 1969 1 1996 roku

I Map of neighborhood coefficients - 1969 2. Map of neighborhood coefficients — 1996
T —~ =
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Analyzing the statistical graph of correlations be-
tween the neighborhood coefficients in 1969 and 1996 one
can observe visual similanity to a classic fractal (Sierpinski
triangle). The aim of the visual graph analysis 1s the
recognition of the occurrence of transition rules.
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Then the transition rules were established using
cross-tabulation. 75% of observations were pairs of coef-
ficients occurrthet one or twice. Only 748 pairs were over
3rd quartile (excluding identical transitions 0—0, 1—1, )
There was no transition to configuration with all empty
cells (H.*). The observed transitions are always from low-
er to equal, or higher values of neighborhood coefficients.
Within the 4th quartile there were excluded those with
cocfficients equal to 0 1n 1969 (203 cases). They mean the
that the urbanized areas appear in an empty space and
the transition rule cannot be clearly established. Then 545
remained. Taking into account this set, a similar analysis
was done. There 128 transitions of cocfficients stayed at
the end of analysis. Over half of them (69) were such pair
transitions which ended with coefficients equal to 511
(covering all Moore neighborhood).

_Th: effect was 79 rules got of unique transitions
The simulation for the period of 1969-1996 Jet ys com.l
pare the consistence of map of the i

: mulated and real
;l;?:}: of urbanized area (from CLC map in 1996 — almost

Table 5. Simulated and real extent of urbanized areas
Tabela 5. Udzial procentowy powierzehni obszarow ¢ asiegy
symulowancgo i rzeczywistego obszaru ‘“"h““izuwnnpa,,
aglomeracji warszawskicj dla 1996 roku

Area Area out 7
Share of simulated | of simulated ":‘_‘"
range (¥a) range (%) =

Area of real 3.849% 11370
range (%) ‘
Area out
of real 3.22% 88.63%
range (%)
Total % 10.76% 89.24% 100.00%

The verification of recognized transition rules let
made simulation of the future extent of urbanized area of
Warsaw agglomeration till 2023,

Conclusion

The application of the neighborhood coefficients to
land use analysis links the method of map algebra and two-
dimensional cellular automata. Presented considerations
aimed at the theoretical construction of neighborhood coef-
ficient and its usability in simple empirical studies. The results
are promising but the procedure should be verified for differ-
ent geographic areas and simultaneously for more number of
states than two — representing real land use classes.

= =
= [

-
=

“‘l
- 5 . '. )
‘} -1 :‘- L =

Fig. 5. Simulated extent of urbanized area of Warsaw
agglomeration in 2023

Rys. 5. Symulowany zasigg obszaru zurbanizowanego aglo-
meracji Warszawy w 2023 roku.
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Streszezenic

W wiclu publikacjach 2 zakresu goografi S;JSP;
darki preestrzenn) wskazuje si¢ "'_°W;:m‘ S
nodé dotyczac sposobu uzytkowania ziemi TREREE ¢
badanych obszarow od rodzajow pokrycia i uzytkowams
terenéw sasiadujacych; tzn. to w jaki sposob wykorzysty-
wana jest gospodarczo obserwowana ‘(badﬂrw} dz.mlkn
(nieruchomosc) ma zdecydowanie mnic_;sz: znaczenic dia
przyszlego jej wykorzystania niz istnicjacc. W mme
spasaby ut;nkowania terenu. Sytuacja, sqs:cdsza Istnie-
Jacych i przewazajacych w danym regionie typow uzytko-
wania fraigmentow ferenu (dziatek) jest w pewnej mierze
determinanta dalszych zmian uzytkowania ziemi na danej
Wiekszo$¢ modeli zmian uzytkowania terenu (o mo-
dele stworzone na gruncie geografii. Duza czesc z nich
dotyczy modelowania rozwoju urhanizacji. Ale nie tylko.
Uogolnieniem rezultatow badan sa wnioski dotyczace sta-
bilnoser form uzytkowania ziemi wydzieled na danym
terenie. W wigkszosci obserwuje sig w diuzszym okresie
utrwalenic danej formy uzytkowania ziemi na badanych
fragmentach terenu, a w przypadku urbanizacji pojawia sig
zjawisko stabilnosci lokalnej badz wystepuja procesy geo-
graficzno-historyczne) inercji, kiore moga zdominowaé
istnicjace formy urbanizacji. Czynnikiem modyfikujacym
moze by¢ kolizja okreslonego typu uzytkowania ziemi
danego wydzielenia z istnicjaeym pokryciem terenu w sa-
siedztwie oraz czynniki, ktore mozna okreéli¢ mianem
Wm‘"mﬁa. Obscrwuje sie, ze istniejace wzo-
y owania ziemi i ot i 1851
i oczema utrwalaja sig poprzez
W badaniach zmian uzytkowania ziemi wykurzy.
stywano szeroki wachlarz narzedz: | metod. Wraz z rozwo-

jem oprogramowania sysit:m(:u.-' informacj Reograficzne
_ staly sig oczywistym narzgdziem symulacji \\-1zu;.|,-,;
cji wynikow modelowania. W ostatnich latach Coraz L‘?{,“Q.
ciej stosuje si¢ modele oparte na wykorzystaniy o
komadrkowych.

Inny aspekt badan zmian uzytkowang ziemi 1o
uwzglgdnienie przestrzennych efektow Zewngtrznych
spatial externalities. Sumaryezne oddzialywanie efekyiy
zewnetrznych pokrycia terenu (net externalities) mogp,
analizowaé przyjmujac modele wielo-zmienne, przestrzeq.
ne lub warunkowe przestrzenne zmian klas uzytkowanig
ziemi, Na podstawie analizy CZaSOWO-przestrzenne zmian
pokrycia terenu w badaniach rozpoznano szereg modelq.
wych zmian uzytkowania ziemi. Zmiany uzytkowania
ziemi mozna traktowac jako zlozony 1 czgsciowo losowy
proces. W przypadku analizy kartograficzne) ( kar‘togmﬁcz._
nej metody badai w geografii) jednym z celow jest zrozu-
mienie zjawisk posrednio, poprzez analiz¢ rozmieszezenia
(wzorow przestrzennych) z ktorych mozna wnioskowaé
o procesach czasowo-przestrzennych.

To ostatnie podejscie scisle wigze si¢ z wykorzysta-
niem automatow komorkowych do badan zmian uzytko-
wania ziemi (Werner, 2005).

Obserwujac dwuwymiarowe automaty komorkowe,
zaproponowano oryginalng autorska metode notacji auto-
matbw komérkowych, ktora mozna nazwac wskaznikiem
sasiedztwa. Ten zapis pozwala w bardzo prosty sposob
wzajemnie jednoznacznie zwiaza¢ wartosci | rozmieszcze-
nie komérek w otoczeniu Moore’a oraz proponowany za-
pis. Automaty komérkowe majg wiele wspélnego z wypra-
cowang w geoinformatyce algebra map.

Metode zweryfikowano prezentujac symulacjg zmian
obszaru zurbanizowanego aglomeracji Warszawy w latach
1969-1996-2023,

automatiy
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ANAMORPHIC MAPS - AN OVERVIEW

Key words:
anamorphic maps and models, cartograms, map classification
Abstract

In the paper an attempt at the classification of mathematical foundations of maps according to practical functions has
been presented. This classification refers to the choice of the metne and the principles of placing the elements of the content
of maps: A— maps with a scale whose fluctuations (changeability) a user can determine analytically (Euclidean metric),
B — variable-scale, anamorphic maps (elements placing depends on its density or importance), C — anamorphic models with
a functional metric (operational scale). Since the 19th century all maps have had to be treated as vanable-scale models of real-
ity. Among the solutions known in historical development of cartography mostly two of three groups of proposed classification
have been used. The new methodological proposition are maps in the third group: collecting anamorphic maps with an opera-
tional, functional scale. The examples of different problems that may be expressly shown using anamorphoses were presented.
Comparing a new form of notation with cartodiagrams or choropleth maps (which were also called “cartograms™ m the begn-
ning of thematic cartography) one can observe that the proposed kind of modelling 1s better from the logical, semiotic and
semantic point of view, first of all because the same visual variable “value™ is not used for two different objects.

MAPY ANAMORFICZNE - PRZEGLAD
Stowa Kluczowe:
mapy | modele anamorficzne, klasyfikacja map
Abstrakt
W artykule zaprezentowano probe klasyfikacy podstaw matematycznych map ze wzgledu na ich funkeje praktyczne
Klasyfikacja ta odnosi si¢ do wyboru metryki oraz zasad umiejscowienia elementow tresci map 1 wyzlada nastepujaco:

A~ mapy opatrzone skala, ktore wahania uzytkownik moze analityczmie wyznaczy¢ (metryka euklidesowa), B — mapy
kal rficzne (umiejscowienie elementdw zalezne od ich gestosci lub znaczenia), € — modele anamor-

ficzne o metryce funkejonalnej (skali operacyinej). Od XIX wieku mapy mozna (dzigki teorii odwzorowan) traktowac jako

! Institute of Geodesy and Geoinformatics, The Faculty of Environmental Engineering and Geodesy, Wrockaw University of En-
| and Life Sci Wroclaw, Poland.
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smiennoskalowe modele rzeczywistosci. W proces
rozwijane | uzywane. Nowa proj
funkcjonalnej (skall operacyjne]
q)OSGb\l nmcjl z k]a!ycmfm' m
modelowania moze by lepszy z punkitl W
7mienna wizualna (wartosc) jest przedstawiana na

Introduction

It seems to be necessary to mention that in the USA
and the United Kingdom studied kind of maps are called
“cartograms”. In European countries (France, Poland, Rus-
sia) & term “anamorphic map” exists, In accodance to Kret-
schmer’s lexicon of cartography (Kretschmer et al. 1986
afier Tobler 2004) - “Kartogramm” is kniown as a choropleth
ora statistical map, butalso a “verzerre” (distorted) map. In
this paper the authors deliberately used terms: “anamorphic
map” or “anamorphic model”, “anamorphose™.

The crucial component of a map definition is deter-
mining the relation between the prototype of @ map and its
presentation in a notation. The features such as a reduced
size scale, simplification and mathematical basis indicate
how to show symbols on a map.

Ifamap is considered 1o be a model of spatial rela-
ﬁaus.ﬂlewopco!'mapﬁancﬁmismbiished.Agmp!ﬁc
code,vizammbimtiunofafmvism]wﬁab&uandafzw
cartographic methods as well as using the principles of
asysiem geometnization, which derive from the Euclidean
metric applied in the Mediterranean culture since 300BC,
Mﬂpom'blemmm]abnmdmmﬁmu,whkhm
mmwhhmwmﬁvcmmmwu
These characteristics include shapes and sizes of objects,
location of objects belonging to the same and different cat.
egones, randomness and well-ordering of the whole arrange-
ment of objects, isotropy, orientation, thythm, etc,

A geometrized picture notation in which the Eioli-
dean metric or any other metric or semi-metric chogen

pozycit metodologiczna sa
). Wskazano na problemy
etodami jak kartogram 1
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ie rozwoju kartografii glownie dwie grupy map sposrod trzecy, byly
mapy trzecicj grupy: gromadzace mapy (modele) o megryg,
wynikajace z uzytkowania &Inm‘nt!rfnz_ Pordwnanie nowego
kartodiagram pozwala zauwazy¢, ze zaproponowany okt
nktu widzenia logicznego, semiotycznego 1 semantycznego, szczegilnie Slutego; 35
powinzanym tematycznie tle.

A — maps with a scale whose fluctuations (change-
ability) a user can determine analytically,

B - vanable-scale, anamorphic maps

C — anamorphic models with a functional metric
(operational scale)

All three groups of notation meet topological re.
quirements of models. It is also assumed that all groups
may be used according to the Euclidean geometry code

Maps with a scale whose fluctuations a user can
determine analytically

Constant-scale maps covering base maps and the-
matic maps constitute models of spatial relations under-
stood in terms of the Euclidean metrics,

Base maps account for models of spatial distribution
and object shapes depending on sizes of objects being pre-
sented. They are more or less in accordance with reality
perceived from the Euclidean perspective. This group of
maps covers a wide range of functions including education,
science, planning, management, military study and social
communication. Large-scale maps with constant scale be-
came official documents in many fields of life. The exam-
ple of such a map may be a map of property and political
relations (cadastral maps, political maps).

Thematic maps can be distinguished by a selection
hierarchy and presentation of the content, depending on
whether they belong to the background or form the the-
matic substance, The projection of the background must
ensure correctness of the spatial features of symbols which
are essential for the description of thematic objects such
& shape — for morphological elements, arcas — for political
division and land use,

Maps presenting a spatial distribution of a distinct
quantitative attribute of a real or an abstract object which

e e ——
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1s Linked to points, lines and areas on a map only by rela-
tion, not by meaning, have played an important role in
thematic cartography since the 19th century. It means that
a map user 15 not interested in the area of a given region
but a population of people who lives there or an unemploy-
ment rate which 1s a percentage share of the number of
unemployed persons in a total number of economically
active people. The existence of two scale dividers for such
maps makes it difficult to perceive information that 1s cru-
ctal to the user. What is even a greater limitation in the
perception process 1s the fact that this type of modelling
does not meet requirements of logical conformity. The
graphic variable “quantity” refers not only to two different
functional layers (background and thematic substance). but
also to two different objects (area of a region and area as
the number of citizens).

Variable-scale anamorphic maps

The essence of vanable-scale maps is their local
resemblance to constant-scale maps. It applies to the pres-
entation of the content which 15 characteristic of constant-
scale maps. Scale modulation is aimed at:

a ~ adjustment of the graphic weight of notation,
when the density of objects in a given area 1s much diver-
sified,

b — highlighting centain areas, which is explicitly
adopted to operational functions

An example of a varable-scale anamorphic map 1s
a geodetic field sketch. The lower density of terrain objects
corresponds 1o a relatively shorter survey line. Analogi-
cally, the survey line is longer for higher density of ob-
Jects
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Fig. 1. Relation between the seale and the density of elements
Rys. 1. Relncja migdzy skaly a gestoscig elementow
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When drawing up & constant-scale map, the ds-;al:
must be adjusted. This means that symbol sizes an |rIJ
tances between symbols must be amended ( Bngtou
1993, 1994). A demaonstrative example was_ shown In ﬁg-
ure | ~ geometric figures drawn with a wide black line
“forest, village and fields™ in the oniginal size,

represent :
P 1 transformation con-

however patterned figures represen

1CKA-BLUM, ADAM MICHALSKI!

—

ditioned density of map elements. An opposite progess
depends on the adjustment of the graphical weight of
pictorial notation, which 1s clearly unbalanced on (ke
constant-scale map (Fig. 2). As a result, the user has
a variable-scale map at his disposal. which is used, how.
ever, as a constant-scale, multi-functional model of spatial

relations.

preed rastosawania ansrmorfary

betore anamorphic transformation

po Tastosowaniu anamorfozy

attar anamarphie transfarmatian

Fig. 2. Health Service in Volos (Boutoura 1993)
Rys. 2. Sluzba zdrowin w Volos (Boutoura 1993)

_ .Th'u type of varinble-scale maps, despite its long
tradition and merits, is not widely used at present, Their
s@ie application is for town plans, which were drawn as
Views from ground observation points, These plans are one
of thee oldest examples of width distortion, occurring for
m?m the observer could not spot from the observation
point, or drawing churches situated in the greater distan
from I.I-;:buwer higher than they actually were, i
elabm!mmnabh—ﬂ_mlc map of Moscow from 161 (Fig.3)

by a Polish spy for operational purposes de.

serves a special recognition in the history of Polish cartog-
raphy (Alexandrowicz 1989), The map covers buildings,
roads and city walls with gates, Wider streets going from
gates to Kremlin, indicate a possible direction of the march
of Polish troops in the case of storming the city. A detaled
form of presentation was structured in a functional hierar
chy, which allowed for the reconstruction of Kitajgorod
after the fire. The Polish map was essential in this recon”
struction and it became a basis for other maps, which be-
came first detailed town plans.
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MOSCOW PLAN FROM NIESWIEZ (1611)
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Fig. 3. Town plan of Moscow from 1611 (Alexandrowicz 1989)
Rys, 3. Plan Moskwy z roku 1611 (Alexandrowicz 1989)

The project by Naftal Kadmon, put to hife by Falk’s
company, had a practical role as well (Kadmon 1975,

1978). s primary mm was to decrease a plan format and
make it more comfortable 1o use by tourists; the secondary
aim was to put sub-regions i a merarchical order. Plans
are created as isotropic anamorphic maps with a central
part in historic centres. Aerial photos taken with cameras
that remove aberration are used as source materials. Hy-
perbolic, 1-kilometre grids provide the user with Eucli-
dean charactenistics. However, the aim of designers is to
ke the change of the scale unnoticeable,

The adjustment of the scale change to o few sub-
areas located in different places and of greater importance

to the user than other sub-areas 1s far more difficult to
achieve than a partly automatic, 1sotropic, one-pole reduc-
tion of the scale. There 1s a senies of projects on the trans-
formation of constant-scale plans of Wroclaw (Krzywicka-
Blum 1993) into plans with a scale that is modulated in
accordance with the distribution of zones crucial to the
user. This series include a variable-scale map for restorers,
an academic map, a map created for the need of Euchars-
tic Congress (Fig. 4) and a map of sport objects. The soft-
ware for the conversion of coordinates was used to gener-
ate this map and formulas were derived on the strength
of constructional assumptions on the scale of division
Zones.
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variability i taw (Krzywicka-Blum 1997)
le on the map created for Eucharistic Congress in Wroc :
gﬁt mﬁ:&m nmmﬁé skali na mapie opracowanej na potrzeby Kongresu Eucharystycznego we Wroclawiu

(Krzywicka-Blum 1997)

Anamorphic models with a functional metric
{operational scale)

Time metric was used as one of the metrics in the
old cartography.

The most famous anamorphic map 15 the Peutinger
Table from the 3rd century AD. The emperor Diocletian
requested to place the prototype of the Table in the Field
of Mars (Sirko 2000). The table as such is a parchment
scroll, 0.34m high and 37m long. The map shows 3,500
functional place symbols connected with marching routes
of Roman forces. The map was designed for the need of
the conquest of the area stretching from the Rhine to the
Don river. The map does not provide the outline of lands
and correct orientation. It only gives topological features
of ordering and adjacency of clements.

"Pilgrims’ maps” (Sirko 2000) constituting of many
sketches are also linear anamorphic maps. They were cre-
ated till the 6th century AD and depicted transcontinental
routes, for example a route from London to Jerusalem. The
linear transformation of length using the time metric s
counted among achievements of Polish cartography,
Stanislaw August commissioned o group of pollsters di-
rected by a royal cartographer named Perthes to make an
inventory of a diocese in the North-East of Poland (Fig. 5), .
Apart frommaps, the work included a descriptive database

with numerical characteristics of such terms as “summer
and winter availability".

Fig. 5. Augustow Diocese (Wernerowa 1996)
Rys. 5. Mapa diecezji nugustowskiej (Wernerown 1996)
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As opposed to variable scale anamorphic maps, func-
tional roles of anamorphic models (with a functional met-
ric) restrict themselves to illustrate a distribution of one
selected quantitative feature of a real or an abstract object,
e.g. population or unemployment. It can be well seen in

~ hottom maps (Michalski 2003)

~u dolu (Michalski 2003)

anamorphic transformations for maps with larger scales.
An example map from figure 6 is a demographic anamor-
phose of Opole voivodship areal units. This map has been
used as a background for pancreatic cancer clustering
analysis (Michalski 2003)

Fig. 6. Administrative borders and population anamorphic model of Opole voivodship — upper maps, pancreatic cancer cases

Rys. 6. Mapa administracyjna oraz anamorfoza ludnosciowa wojewddztwa opolskiego — u géry, wystgpienia nowotworu trzustki
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Higerstrand (1957) paid attention to the usel'ulnEc:f
of linear notations with transformed gct!mcu'y ‘m the 3
clidean distance. He used the transformation of lfncar scal ;
using a Jogarithmic function as a mns{nrma:lnnkcor;\':n
sponding to transport expenses. The o‘!her well- nt:ds .
solutions encompass French anamorphic maps of b
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flights (Cauven 1986), Amernican maps .'ld!llh-li.'(' 1o a patch-
work of roads, metrics that are the sum of legs lenghts, nog
the length of hypotenuse, and finally, functional transforma.
tion of the layout of German towns, which illustrate the
temporal accessibility to the airports that can be reacheq
by trains, buses and cars (Muller 1982, 1983)

Fig. 7. Anamorphic presentations of unemployment in Poland (Krzywicka-Blum 2001)
Rys. 7. Bezrobocie w Polsce — model anamorficzny (Krzywicka-Blum 2001)

The other type of anamorphic notations of spatial
features of objects which is not known from the old car-
tography is represented by models of a certain quantitative
feature distribution. This presentation is relational for
units of political, administration and property division.
The anamorphic model is competitive comparing to the-
matic maps (Fig. 7). It has one operating scale key be-
cause the size of the arca gives the user the information
he/she needs, for example about investments in PLN.
Anamorphic representation increases madelling proper-
ties of the notation as the graphic variable “quantity”
refers to the feature of only one thematic object. In a the-
matic map, the graphic variable “quantity” corresponds
to at least two objects: one being the element of the map
background and one belonging to a layer of the thematic
map. Reading information on this map is more difficult
than in the case of traditional maps and may be an impor-
tant limitation in perception, Th

itatio € user of the anamorphic
model identifies a reference unit on the basis of topo-

logical conformity of the layout of fields that form a trans-
formed and original arrangement of a mosaic. The ele-
ment which is important for perception is the outline of
borders of the area being identified. This aspect is re-
flected in suggestions concerning the transformation proc-
ess. the accuracy of areas is certainly a condition to ac-
eredit the anamorphic notation to a model. Modular rea-
soning is expressed in terms of relations between arcas
and visual estimation of the area is more accurate when
figures have basic, geometric shapes (Fig. 8). The retained
orientation of mosaic elements plays an important role in
the recognition of location, It requires appropriate as-
sumptions concerning centroids of arcas. Suggestions
provided in the literature vary greatly even if they refer
to the same topic. If the distribution of given reference
units is not fitted to create an anamorphic map with “ge-
ometrical™ units, shapes most similar to real borders are
desired. It can be resolved by using the authors’ method
with the a genetic algorithm (Michalski 2004).

ANAMORPHIC MAPS — AN OVERVIEW
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USSR
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India D
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(Bonin M.)
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(Tikunov \1)
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Fig. 8. Anamorphose of world's countries based on their population numbers (Bonin, unknown publication date, a map from the

Internet based on Tikunov's algorithm: Tikunov 1994)

Rys. 8. Mapa anamorficzne ludnosel keajow calego éwiata (Bonin, nieznana data wydania, mapa z internetu zbudowana algoryt-

mem Tikunova: Tikunov 1994)



BLUM, ADAM MICHALSKI

WA KRZYWICKA-
30 E

orphic notations constitute models
is interested In or WO
ding to states observed

Complex anam
that present two features the user
distributions of a feature correspon

For two time cross-sections.

1.66 min children
in the school age

[ enidren attencing school
- children not attending school

m lack of data

9.
;I;;' 5 mm map of :I:.lldr:n attending schools in Africa (Krzywicka-Blum)
rficzna dzieci uczgszezajyeych do szkol w Afryce (Krzywickn-Blum 1999)

subsequently. Graphic vanable “quantity” refers to a number
of children at school age and a number of students (F 12.9)
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ennching a pictorial notation not only with “quantity” but
also with o second varable called “hue” enables synthetic
evaluation of immigration rates in the course of two years

and the indication of areas where changes (increase or de-
crease of the phenomenan in comparison to the past) are
recorded (Fig. 10)

Ireraane of Immbgration Detwesn
vaors J004-2005

deaasca of immigration batween

years 2004-2005

ro dhanges

25, 50, 100 immigrants

Fig. 10. Map of the changes of immigration level in years 2004-2005 (Kmiccik 2007)
Rys, 10. Mapa zmian poziomu imigracji w latach 2004-2005 (Kmiecik 2007)

Conclusion

Anamorphic maps may be regarded as credible
documents in research and official regulations only if their
theoretical assumptions are complemented with results of
investigations on perception of different models, as 1t hap-
pens in the case of constant-scale thematic maps. A rele-
vant, broadly treated education programme included i the
school curriculum is essentinl o avoid creation of many
incorrect maps with contemporary software, Features of
maodels are often attributed to works of this type. A very
useful programme for statistical methods was developed
for public schools in India by a group of researchers di-

rected by a famous mathematician named Rao (1994).
Characterising anamorphic models perceptual barmers,
connected with fast localisation of reference umits, can be
overcome using labels or attaching a traditional Euchidean
map of the same termitory. American scientists proved in
research (Sui, Holt 2008) on anamorphic maps effective-
ness that the reader’s prior knowledge about that Kind of
maps can have  significant influence on how they interpret
this unconventional form of thematic maps. The methods
of making anamorphic maps were developed within the
research project in which authors participated. The result
of this project, GIS scripts, will be available on the web
site (GIS web).
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Streszezenie

Niezb¢dnym elementem kazde; definicji mapy jest
okreslenie relacy migdzy oryginalem a jego ujeciem w no-
tacji. Mowi si¢ wiee o skali pomniejszenia, podobienstwie,
uproszczeniu, wreszcie — matematycznych podstawach,
jako kluczu umiejscowienia oznaczen reprezentujacych
obiekty. Zgeometryzowana notacja obrazowa, w kidreg
podstawa umiejscowienia oznaczen obiektow jest celowe
przeksztalcenie metryki cukhdesowej badz ~ inna metrvka
lub semimetryka,wybrana w dostosowaniu do okreslonej
funkeji uzytkowej modelu, nos: nazwe anamorfozy. W ar-
tykule zaprezentowano probe klasyfikacji podstaw mate-
matycznych map ze wzgledu na ich funkeje praktyczne.
Klasyfikacja ta odnosi si¢ do wyboru metryki oraz zasad
umiejscowienia elementow tresct map 1 wyglada nastepu-
jaco: A —mapy opatrzone skala, ktdrej wahania wrytkow-
mik moze analitycznie wyznaczy¢ (metryka eukhdesowa),
B ~ mapy zmiennoskalowe anamorficzne (umiejscowienie
elementow zalezne od ich gestosci lub znaczema), C—mo-
dele anamorficzne o metryce funkcjonalnej (skal opera-
cyjnej). Zawierajgee sig w plerwszej grupie mapy. w po-
dziale na ogdlnogeograficzne 1 tematyczne, stanowiz
modele euklidesowo rozumianych relacji przestrzennych.
Ogolnogeograficzne, stanowig modele rozkladu prze-
strzennego 1 ksztaltu obiektow, zaleznie od rozmiarow
przedstawianych obszardw, mniej lub bardzie) zgodne
z rzeczywistoscia rozumiang euklidesowo. Mapy tema-
tyczne charakteryzuje hierarchicznoéé wyboru 1 uecia
elementow tresci, zaleznie czy naleza one do tla ogolno-
geograficznego, czy stanowia tres¢ tematyczna. Odwzoro-
wanie tha musi zapewnia¢ poprawnos¢ tych przestrzennych
cech oznaczen, ktdre sq priorytetowe dla charakterystyki
obiektow tematycznych, a wige: ksztattu — dla elementow
morfologicznych, czy pol powierzchni — dia podziatu po-
litycznego. Druga grupe stanowia mapy zmiennoskalowe.
Istotg takich map jest ich lokalne podobienstwo do map
o stalej skali. Dotyczy to sposobu ujecia tresci charakie-
rystycznego dla map statoskalowych. Modulowanie skali
ma na celu: a — wyrownanie cigzaru graficznego notacji.
w przypadku bardzo zrénicowanego zageszezenia obiek-
tow w przedstawianym obszarze, b — wyrazme dostoso-
wane do operacyjnych funkcji - uwypuklenie pewnych
podobszarow. Mapy zmiennoskalowe znalazly swoje za-
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stosowanie migdzy innymi W serii map (planéw) miast
oficyny Falka. Trzecia grupa zawiera mapy (modele) ana-
morficzne, gdzie nastgpuje zmiana funkeji od!e.glosclllub
powierzchni w stosunku do tradycyjnego ujecia eukl:dg-
sowego. W kilku ostatnich dziesigcioleciach zauwaza sig
zwlaszeza rozwdj algorytmicznych metod budowy po-
wierzchniowych map anamorficznych. W stosunku do
kartodiagramow powierzchniowy model anamorficzny
jest konkurencyjny. Ma jeden, praktycznie sprawny klucz
skalowy, gdyz wielkos¢ pola powierzchni wyraza wprost
informacie wazna dla uzytkownika, a wige, dla przykladu,
naklady inwestycyjne w zlotych. Ujecie anamorficzne
podnosi tez wlasnosci modelowe notacji, bowiem zmien-
na graficzna . wielkoéé” dotyczy charakteryzowanej cechy
tylko jednego obiektu tematycznego, a nie, jak w karto-
diagramie — co najmniej dwoch: jednego — nalezacego do
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ta i co najmniej jednego — do warstwy tematycznej mapy,
Istotn barier¢ percepeyjna stanowi utrudnione, w stogyy.
ku do map tradycyjnych, odezytanie umiejscowieniy ip.
formacji. W modelu anamorficznym uzytkownik 1denty.
fikuje jednostke odniesienia na podstawie topologiczne)
zgodnosci ukladu pol tworzacych przeksztalcony § 7rog.
lowa kompozycj¢ mozaiki, Wazny percepcyinie elemen
stanowi ksztalt granic identyfikowanego obszaru | fen
aspekt znalazl swe odbicie w propozycjach roznie przyj-
mowanych zalozen dotyczacych procesu przekszialeen
Na to, aby mapy i modele anamorficzne zyskaly rangg
dokumentow wiarygodnych w pracach poznawezych
i regulacjach urzgdowych nalezy prowadzi¢ dalsze bada-
nia percepeji takich opracowan, podobnie, jak mialo to
miejsce w odniesieniu do tradycyjnych dzis juz postac
tematycznych map o stalej skali.
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CREATION AND APPLICATION OF HETEROGENEOUS GRID ENVIRONMENT
FOR SEISMIC MODELING

Key words:
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Abstract

Grid computing is a simultaneous application of several computers to one, single, computationally infensive problem.
A computer grid can be created from special, dedicated hardware, but also unused CPU cycles of available desktop machines
can be exploited. This article reports on a successful effort of creating a heterogeneous grid infrastructure. The mstallation
consisted of two Blade servers and one PC machine that were available at the time. Heterogeneity was present on both
levels: hardware platform and operaung system. Blade machines ran Linux Fedora Core, while PC ran Windows 2000 SP4
Using only free grid software, the authors created working infrastructure and used it in seismic modeling calculations.

OPIS UTWORZENIA | ZASTOSOWANIA HETEROGENICZNEGO SRODOWISKA GRIDOWEGO
DO MODELOWAN SEJISMICZNYCH

Slowa kluczowe:
grid, obliczenia heterogeniczne, modelowanie sejsmiczne
Abstract

Termin grid computing oznacza jednoczesne wykorzystanie kilku komputerow do rozwiazywania jednego, zlozo-
nego problemu obliczeniowego. Komputerowy grid moze zostaé stworzony ze specjalnych urzadzen dedykowanych,
przeznaczonych do tego celu, bad takze z nicuzywanych procesordw dostgpnych w biurowych komputerach PC. W tym
artykule opisano udang probg stworzenia heterogeniczne infrastruktury gridowej. System skiadal sig z dwoch serwerdw
typu IBM Blade oraz z jednej maszyny PC, ktéra byla aktualnie dostepna. Heterogenicznosé byla obecna na obu pozio-
mach: platformy sprzgtowej oraz systemu operacyjnego. Na maszynach typu IBM Blade zainstalowany byl system Linux
Fedora Core, a komputer PC dzialal pod kontrolq systemu Windows 2000 SP4. Uzywajac jedynie darmowego oprogra-
mowania gridowego, autorzy stworzyli dzialajucq infrastrukturg i uzyli jej w procesie modelowania sejsmicznego pola
falowego.

! AGH University of Science and Technology, Department of Geoinformatics and Applied Computer Science, Krakow, Poland.
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1. Introduction

1.1 The Grid Technology

Grid technology helps to utilize resources of many,
even geographically dispersed computers that can cooper-
ate in common tasks. Back in 1998 Ian Foster and Carl
Kesselman defined grid as “a hardware and software in-
frastructure that provides dependable, consistent, perva-
sive, and inexpensive access to high-end computational
capabilities.”[1]

According to this definition, a grid could be easily
created from computers running various operating systems
on different hardware platforms. Then, its feature pervasive
could be fully fulfilled. Unfortunately, free solutions for
creating such a heterogeneous infrastructure are not com-
mon and easy to find. The authors thought it is a big gap
in a grid computation field and decided to investigate the
possibility of creating a grid network consisting of differ-
ent hardware platforms and operating systems using only
free grid software.

The authors decided to use machines available at our
university and created a grid of two IBM Blade units run-
ning Linux Fedora Core and PC running Windows 2000.
No publications could be found on this topic before, there-
fore the authors believe it is an unprecedented installa-
tion.

1.2 Seismic Wave Modeling

The computational power was needed 1o solve a re-
al geophysical problem which was seismic wave modeling.
Acoustic or elastic wave field modeling is a tool which is
common tn modem seismic or seismology. It can be used
for oil,‘gas and other natural resources exploration [2], and
for various auulyses of natural earthquakes [3]. In the past
fewyws growing popularity of this method caused a rap-
id development of new algorithms and techniques which
u!: us;ully computationally very expensive, Fortunately,
this kind of problems are easy to parallelize effectively [4]
mmﬂyfmlmmmm.mm arc
aJmost unlimited. In this kind of modeling even a smal|
additional computational Power counts,

2. Created Heterogeneous Grid Environmen,

In this project a simple cluster grid was created
The open source version of the SGE, called The Grig
Engine v6.2, was used. The environment was hutr.-rogmc.
ous. For test purposes it consisted of two blade unis and
one PC.

2.1. Hardware Configuration

Blade units were of HS21 series. They had two
Dual-Core Intel Xeon 2.8 GHz processors with 6 MB .2
shared cache and 3.5 GB of memory the network interface
was Dual Gigabit Ethernet.

A personal computer that was used had Intel Pentium
4 2.8 GHz processor and 1 GB of memory, the network
card was Realtek RTL 8139.

2.2. Software used

Two blade servers ran Linux Fedora Core 8 (Ware-
wolf) system, kernel 2.6.26.6-49.fc8, and PC ran Windows
2000 SP4. On the Windows system Services For Unix 3.5
were used to allow the execution of the Grid Engine version
6.2. The Grid Engine project “provides enabling distrib-
uted resource management software for wide ranging re-
quirements from compute farms to grid computing.”
[S] MPICH2 1.0.7 was installed to make communication
between parallel processes possible. Developing software
to compile programs executed on the grid was gee 3 4.4
(on Fedora) and Dev-Cpp 4.9.9.2 (on Windows).

2.3. Software Installation

NIS

NIS is a service that provides information, which
has to be known to all machines on the network. It can be
very helpful in maintaining a coherent user structure on all
nodes in the grid. Full NIS HOWTO can be found on the
NIS web page [6]. For purposes of this installation one
user account was needed, It was named sgeadmin and
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added to the NIS database. The HOME variable was set to
Jusr/grid.

NFS

A common filesystem is necessary to install and run
SGE in a simple and flexible manner. It can be achieved
i many ways, but in this case, the Network File System
was chosen. Full NFS HOWTO can be found on the NFS
web page [7]. In this installation, directory /usr/gnd was
shared by all machines.

Windows Services for UNIX

. Windows Services for UNIX version provides a full
range of cross-platform services for integrating Windows
into existing UNIX-based environments.[8] It includes
the Intenix subsystem, which “provides a fully POSIX-
-compilant environment that runs a native subsystem n the
Windows kernel." [9] This environment provides two shells
— Korn and C. Beside that, SFU includes the User Name
Mapping service. Itis “a component of Microsoft Windows
2000 Services for UNIX. The User Name Mapping service
is used by UNIX-based Server for NFS, Client for NFS,
and Gateway for NFS, as well as Remote Shell Service
(rshsve), for mapping UNIX-based network user names to
Windows-based network user names and vice versa.”
[10] Keeping coherent user system 1s vital for proper work-
ing of heterogeneous installation, because users hoth from
Linux and Windows machines have to have access to the
same directory with GridEngine and MPICH2 installation.

MPICH2

MPICH2 was installed to provide communication
between processes running in one task. It is “a high-per-
formance and widely portable implementation of the Mes-
sage Passing Interface (MPI) standard™ [ 11]. At first, a/the
Linux version of MPICH2 was compiled and installed on
one of the Blade servers — the master host — under the /ust/
grid/mpich2 directory. The installation was shared with the
second Linux node via NFS. Then, the MPICH2 library
was installed independently on the PC from the dedicated
Windows version. It was started as a system service, To
enable communication between Linux and Windows ver-
stons, the MPICH2 daemon owners on all machines have
to be the same users — in this case sgeadmin.

Grid Engine

The resource management was done by the Grid
Engine software. It was installed on all machines that es-
tablished the gnd. One of the Blade machines was a mas-
fer host responsible for managing tasks and resources. The
same machine was also running a Grid Engine execution
daemon which made it also a slave node. The second Blade
machine and PC were only slaves. The full installation

. process is described in detml on the Sun Microsystems

Documentation web page. [12] For the Windows host, spe-
cific platform files of Grid Engine were installed (avmlable
after registration on the Sun page). The same code for seis-
mic modeling was executed on all machines, but it had o
be compiled for the a specific platform. A source code was
compiled separately for the Linux machines and for the
Windows PC, and put in the execution environment. Ad-
ditionally, to enable MPI programs on the grid, MPICH2
parallel environment was added to the Grid Engine con-
figuration. The installation procedure 1s described in detail
on the Gnid Engine wiki page [13].

The installation procedure 15 described in detail on
the Grid Engine wiki page [13].

3. Seismic Modeling
For test runs of our installation the authors used clas-

sic Alford algorithm [14] for acoustic wave field modeling.
In this algonthm acoustic wave equation is as follows:

o P I Pt
Fr ik (5?1'{._—_.] flxz0 1

where p(x.z) is pressure, ¢fx.z) 1s velocity of acoustic wave,
t 1s time and f denotes function which describes pressure

change in source.
The above equation is approximated by the second
order finite difference scheme.

pli g k) =201 = 27) pli ) —pli, g k= 1)+ (2)
Flp(i+ L k) +pli= L ik +pli g+ LE+plir—1.K)
where y = cAt/Ah, At is a time sampling interval, Al is
a distance between grid points in X and z directions. The
stability eriterion for the above scheme is: y < IME
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The authors decided to use typical aw bound-
aries condition by Reynolds [15] as border conditions t.

4. Results
4.1, Heterogeneous Environment Effectiveness

In the experiment, the seismic wave modeling for
20 shot points (SP) was done. Results were caquln‘led
for one up to nine slave processors’ cores and execution
times were measured. For each number of processors’
cares, the program was executed ten times and the average
execution time was calculated to level temporary operating
system influences on processors. The results of the meas-
urement are shown in Figure |
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Since first two blade machines have both foyr proc.
essors’ cores, adding one PC with just one 2-¢qre Cpy
cannot considerably decrease the execution time. Addi.
tionally, according to Amdahl’s law program aceeleratioy
does not increase linearly with the number of processors.
However, the difference after adding the Windows host tg
the grid is noticeable. Seismic wave modeling executes
even 4% (6 seconds) faster with the Windows PC i the
grid.

Despite that adding the machine with differepy
operating system to the grid did not decrease the caleula-
tion time considerably, it was proved that the creation of
heterogencous grid environment is possible. One task cap
be dispersed on different software and hardware plat-
forms.

1 rachines. 3 machine
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Rys. 1. Czasy dzialania p

5. Discussion

. Adecperanalysis of the experiment's esulis showed
15w interesting phenomen. Primarily, adding processor's

second core to the second machine did not accelerate the

rogramu do modelowan fali sejsmicznej dis 20 punkibw strzalowych

program execution, Adding the fourth core, in this case,
even slowed it down. To investigate this effect the authors
decided 10 see how the Linux operating system allocates
CPU resources,
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In the first phase. the number of shot points calculated
by cach slave was checked It proved that the slave process
number two (that 1s the third process on the first machine — the
first process is a/the master) calculates more shot pomnts than
the others Then, calculation times for each SP were measured
in each slave process. The results are shown in Table 1. Slave
2 calculates one SP on average almost 15% (7 seconds)
faster than other slave processes. This was the reason why it
caleulated more shot points in one task

Afterwards, the CPU cores load analysis were done
on the first Linux node while executing master process and
one, two, and three slaves. It proved that the master proc-
ess, which did not make any calculations, used CPU in
nearly 0%, Slaves used CPU in 100%, so they were rede-
ployed between cores constantly by the CPU load balanc-
ing algorithm. In the next step, multi-core processors
efficiency tests were made to discover why the second slave
process was faster than the others. The authors suspected
that it was due 1o the fact, that slave 2 most of the time
executed on the same CPU as a master process. To test
multi-core processors efficiency, different number of slave
processes were executed on the second Blade machine, and
the master on the first. The results are shown in Table 2,

Table 1. Calculation times for one shot point on each slave
Tabela 1. Czasy obliczei na kazdym procesorze dia jednego
punktu strzalowego

Slave 1 | Slave 2 | Slave 3 | Slave d | Slave 5
Is] Is] Is] Is] Isl
50 38 52 50 50
50 39 51 449 50
48 38 50 449 48
50 39 51 25 25
49 1] 51 50 S0
A8 0 50 48 49
52 a8 50 5l 51
449 iR 51 51 49
50 39 48 49 48
51 39 kL 49 51
51 I8 19 51 50
50 38 I8 44 48
39 50 51 49 48
49 50 49 S0 S0
I8 48 47 49 50
18 42 48 44 48

Average: | 47.61 40,75 | 47.86 48 47.81

Table 2. 20 shot points calculation times for different number
of slaves on one machine

Tabela 2, Czasy obliczen 20 punktow strzatowych dla raknej
ilodci proceséw niewolniczych na jednej maszynie

One Two Three Four
slave [s] | slaves [s] | slaves [s] | staves [s]
47213 492 84 250.51 248 34
473.08 492.24 24534 248.76
47310 492.74 24574 247.96
472,83 481.36 245.80 248.25
473 00 49113 245 56 24927
4132 495338 24563 24%.10
473.80 490.10 24545 247.15

Average: 473.11 492.26 446.29 448.26
Acceleration: 1 0.96 v 1.91

It can be seen that two processes cooperating in one
task work slower than one process calculating the same
problem individually. It probably means that for the first
two slaves two cores of the same CPU were assigned, and
for the next two slaves two cores of the second CPU were
used. So, if four processes use 100% of the cores, the
sequence of assigning CPU is as follows: first core of a first
CPU, second core of a first CPU, first core of the second
CPU and second core of the second CPU. It also explains
the effect visible on Figure |, where the calculation times for
4 and 5 slave cores are almost equal, and the same for 6 and 7
cores. As a result of those experiments the authors concluded
that, in this case, using multi-core processors is not beneficial
and can even slow down the calculation process.

According to those conclusions, slave’s 2 shorter
execution time probably comes from the fact, that the load
balancing algorithm most often assigned it to the same
processor as a master process. Since the master did not
make any calculations and did not load processor, slave 2
could used more CPU resources than the other slaves. The
authors plan to investigate this phenomenon more deeply
in the future.

6. Conclusions
The main goal of this project was achieved. A het-

erogeneous grid infrastructure was created successfully. It
was based on different hardware and software platforms.
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It showed that even a temporarily available and not fully
exploited machines can constitute grid. This can be con-
sidered as a step towards a better utilization of CPU cycles
of many different machines in a common goal.

Since Linux and Windows are two of the most pop-
ular operating systems, they were chosen for this installa-
tion. The authors believe that the combination of servers
and desktop machines running various systems can be
worthwhile and give positive effects by considerably
improving calculation effectiveness and reducing its time.
Thatkind of connection can also improve resources utiliza-
tion and may lead to many cost cuts. ‘

There were also some unexpected results in this re-
search. The authors believe they found a problem with
proper working of dual-core processors in Blade machines
running Linux Fedora Core, kemel 2.6.26.6-49.fc8. One
process, on one CPU core, accomplishing a task, works
faster than two processes cooperating in the same task on
two cores of the same CPU. The authors plan to investigate
this topic in the future.
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Streszczenie

Termin grid zostal zdefiniowany w roku 1998 przez
lana Fostera i Carla Kesselmana jako ,infrastruktura sprzg-
towa i software’owa dostarczajaca niezawodny, spojny,
rozpowszechniony 1 niedrogi dostgp do zasobdw oblicze-
niowych”™. W tej pracy autorzy postanowili ulatwié rozpo-
wszechnianie systemu grid opracowujac metodg tworzenia
heterogeniczne) infrastruktury, kiora pozwoli potaczyé ze
soba maszyny obliczeniowe dzialajace pod kontrolg réz-
nych systemow operacyjnych

Glownym zastosowaniem utworzonego systemu
bylo preeprowadzanie zlozonych obliczeniowo modelowar
fali sejsmicznej. Modelowania akustycznych badz elastyez-
nych pol falowych sg populamym narzgdziem w nowo-
czesne) sejsmice 1 sejsmologii, a przy tvm sa zadaniem
wymagajacym duzych zasobéw obliczeniowych.

Utworzona infrastruktura skladala sie z dwoch
serwerdw typu IBM Blade z dzalajacym na nich systemem
Linux Fedora Core 8, oruz z jednego komputera PC z sy-
stemem Windows 2000 SP4. Za pomoca darmowego opro-
gramowania Sun Grid Engine utworzono system typu
cluster grid, w ktorym wiele maszyn zlokalizowanych
w jednym migjscu moze pracowac wspolnie nad jednym
zagadnieniem. Dla zapewnienia spojnego dostgpu do da-
nych dla wszystkich maszyn, oraz w celu umozhiwienia
komunikac)i 1 zarzadzania zadaniami uzyto nastgpujacych
pakietow oprogramowania: NIS, NFS, Windows SFU,
MPICH2 oraz Grid Engine.

Po utworzeniu i przetestowaniu heterogenicznej in-
frastruktury dokonano modelowan fal sejsmicznych z jej
wykorzystaniem. Stwierdzenie poprawnosci dziatania in-
stalacji taczace) roine systemy bylo pierwszym sukcesem
pracy. Badania pokazaly, ze wspélpraca roznych systemow
operacyjnych w obrebie cluster grid nie stwarza znacza-
cych problemow zwiazanych z wydajnoscia takiej infra-
struktury. Umozliwia natomiast lepsze wykorzystanie
dostgpnych zasobow obliczeniowych w postaci biurowych
komputerdw PC, ktdre najezescie) pracuja w systemie Win-
dows, a przez to szybsze otrzymanie wynikéw modelowa-
nia sgjsmicznego.
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Abstract

In the presented paper the results of seismic ray trajectories and traveltimes calculations have been described for the
case of turning wave propagating in the discrete gradient medium of the near-surface layer. These results were the base of
defining the medium attenuation characteristics of each ray and spectra of assumed source signals in the receiver points with
their spectrum centroidal frequencies. The analysis of the trajectories distributions, variations of the spectra and their cen-
troidal frequencies was conducted for different source signal parameters and different parameters of the sejsmogeological
model of the near-surface layer. In the calculations the scheme of surface seismic aquisition was taken into consideration,

STUDIUM MODELOWE ZMIAN CZESTOTLIWOSCI CENTROIDALNEJ WIDMA FALI REFRAGOWANE]
PROPAGUJACET W WARSTWIE PRZYPOWIERZCHNIOWE)

Slowa kluczowe:
geofizyka, metody sejsmiczne, fale refragowane, strefa malych predkosci, thumienie. czestotlwosé centroidalna
Abstrakt

W pracy przedstawiono wyniki obliczen trajektorii i czasow przebiegu promieni sejsmicznych fali refragowanej
w dyskretnym osrodku gradientowym strefy przypowierzchniowej. Wyniki tych obliczen byly podstawa okreslenia charak-
terystyk thumienia oérodka odpowiadajacych poszezegdlnym promieniom oraz widm zalozonych sygnaléw zrodla w punk-
tach odbioru wraz z czgstotliwosciami centroidalnymi tych widm. Dokonano analizy rozkiadu trajektorii, zmian widm 1 ich
czgstotliwosel centroidalnych dla rdznych parametréw sygnalu Zrodla i réznych parametréw modelu sejsmogeologicznego
przypowierzchniowej strefy oérodka. W obliczeniach uwzgledniono schemat obserwacii sejsmiki powierzchniowej

! University of Science and Technology AGH, Faculty of Geology, Geophysics & Environment Protection, Department of Geophysics,
Cracow, Poland,
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Introduction

The attenuation of s¢ismic waves propagating in the
gco_logica! medium plays an cw.:nnal role n} l:;::i'::go f;:j
logical information in the wave patter O i
seismic traces. The variations of the pore fluid “fpec'al o
the occurrence of a gas), the variations of the medium con-
solidation (especially the occurrence of the fiactured zones
and the zones of the anomalous stress) arc a source of es-
sential variations of the medium attenuation coeﬁicleqr.
These variations cause considerable changes of the seismic
signal amplitude as well as its frequency band. The inter-
pretation of the attenuation coefficient distribuum?s 1s an
important source of additional geological infnnnahnn: es-
sentially broadening the base of inference in comparison
with traditionally interpreted velocity distributions. The
development of this base plays & special role in the reser-
voir seismics (seismic monitoring, enhanced oil recovery)
as well as in the engineering seismics (estimation of the
elastic parameters of 2 medium) and in the mining SEISmics
(estimation of the medium heterogeneity, predicting the
zones of anomalous stress). An increased interest in the
attenuation problem was expressed in the last years in the
publications aimed at the theory and application of that
parameter in deep seismics (Carcione 2000, Parra 2000,
Chichinina ef al. 2006, Rossi er al. 2007, L ef al. 2007,
Payne et al. 2007, Zhu 2007) as well as in the investigation
of the near-surface layer (Best er al. 2007, Yadari er al.
2008). The investigation of the attenuation in the shallow
part of the seismogeological model plays an important role
in the estimation of filtering characteristics of this zone.
These charactenistics are also used in the estimation of
frequency variations of propagating signal in the process
of the design of 3-D acquisition.

One of the information sources about the attenuation
coefficient (or quality factor Q) distribution may be the
results of the tomographic inversion realized in the frame-
work of amplitude tomography based on the refracted (turn-
ing) waves. The effectiveness of that inversion depends on
the range of spectrum variations of propagating signal.
These variations are determined by the source signal pa-
rameters as well as by the velocity and attenuation distribu-
tions in the near-surface zone. Therefore in the presented
paper an analysis of the variations of the spectrum cen-

wroidal frequency of the turning wave signal has been yp.
dertaken. That frequency is the basic parameter one of the
most effective method of solving the inverse problem of he
amplitude tomography (Quan, Harris 1997, Kasina 2008a b)

1. The methodology of numerical modeling of the
spectrum centroidal frequency variations of the turning
wave signal

In the program used for the generation of the fre-
quency characteristics of the medium attenuation the fol-
Jowing relation was applied:

=exp (/" QL) (1)

H[ﬂ=expl—f”_[audi

where the curvilinear integral OL 1s defined along the ray
trajectory L from the source to the receiver in the process
of curvilinear seismic ray tracing, and the coefTeients p and
a, define the relation between the attenuation coefficient
and frequency:

a=afr

In the case of consolidated media most often the
assumption is made — as in the applied program — thatp = 1.
In that case the coefficient a, is defined by the following
relation:

n
a,= _Q_v
where @ is the so called quality factor and v 1s the wave
propagation velocity.

The value of the curvilinear integral QL in the relo-
tion (1) was calculated  for the assumed discrete distribu-
tions of velocity and Q factor — in the process of ray tracing,
realized by means of solving the set of differential equa-
tions resulting from the Fermat principle (Kasina 2001):

1 |av . du .
da= - | = sina— 5 cosu]d&
dx = ds cosa
dz = ds sina
dt=E
v
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where angle a defines the slope of the tangent to the
ray trajectory, ds is the element of the ray trajectory, v - ve-
locity defined along the ray trajectory. In the process of
ray tracing we solve the above set of differential equa-
tions using numerical Runge-Kutta method of the fourth
order.

The calulated — along each ray trajectory - attenu-
ation characteristicts of the medium were used to define
the variations of the signal spectrum on the way from
a source to receivers, The source signal spectrum (most
often in the form of Gauss or rectangular spectrum) was
multiplied by the appriopnate attenuation charactenstic
of the medium. The spectrum of Gauss signal had the well
known form:

5() =e-{{;,f°) )
il

where £ is a frequency, o” is the spectrum vanance, f) 1s
the dominating spectrum frequency.

The discrete signal spectra were used to calculate
the centroidal frequencies £, and f; of the signal spectra in
the receiver point G and the source point S in accordance
with the relation:

Trwnar
e (3)

Twen ar

where W(f) = G(f). f. = [, in the case of the signal with
spectrum G(f) recorderd in the receiver point and Wif) =
S(f), .= fn the case of the signal with spectrum Sih
defined in the source point, The integrals in the above rela-
tions were calculated by means of the procedure DSIMP1
from the library of scientific programs Fujitsu SSLI1. The
procedure realizes the integration of discrete function with
the help of Simpson quadrature.

The input discrete models with velocity and Q factor
distributions were interactively prepared using the [nterac-
tive Velocity Editor procedure from the ProMAX process-
ing system. After exporting the data from the ProMAX
system in ASCII format the conversion to binary files was
realized. These binary files were used in the prepared For-
tran programs.

1. The model parameters and results of spectrum
centroidal frequency estimation

In the model calculations the near surface zone was
taken into account with the maximum thickness of 300 m
with a constant vertical velocity gradient. The gradient
models with the anomalous zone with decreased velocity
and Q factor values were considered wo. Different values
of the velocity gradient were taken mnto account. The value
of Q factor was varying in relation to velocity: for the
velocity of 1800 m/s the value of Q = 21 was assigned in
accordance with publication data ( Yadan er al. 2008). Ad-
ditional values of Q = 24, 30, 40 were considered too. The
values of Q for other values of velociies were linearly
interpolated. The source signals with Gauss and rectangu-
lar spectrum were considered. The calculations were real-
1zed for the centroidal frequencies of source signal spec-
trum from the range 40 — 120 Hz

The typical split spread of land seismics was used
in the modeling: 120 receivers, receiver interval — 50 m,
distance of shot point from the nearest recerver — 50 m. The
calculations were performed for the left part of the spread,
varying the position of the anomalous zone in relation to the
shot point. The maximum offset — for the first recever no.
1 — was 3000 m, minunum offset (receiver no. 60) — 50 m.

The discrete models of the velocity and factor
fields were defined through the values defined in the nodes
of the grid with dimensions 200 = 31 (200 nodes in the .x"
direction, 31 nodes in the ,.z" direction) for the sampling
intervals Ax =20 m and Az = 10 m. Some of the calcula-
tions for gradient models with an anomalous zone were
realized for Az = 1 m. The shot point and the recerver points
were located at the level of 2Az in accordance with the
requirements of the estimation of velocity and factor Q
values (and their spatial derivatives) by means of the finite
differences.

2.1. The results of calculations for the gradient
models without anomalous zones

The calculations for the gradient models without
anomalous zones were performed changing the following
model and source signal parameters:
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L factor 1n
_ the range of variations of wilmﬁiz{::omodcl :
the models with constant verlicd ‘FV o 17— 1,75 ks,
Ve=i,7~- I.BherQ-ZG-zl;model-v w- Q= 175~
Q = 20 - 204; model 3: V= 15-117 : -'»222_
10,83: model 4: V= 1,7~ 1,9 knv's, Years : m-ngc 9
_ different levels of Q factor vaniations: FEE
i 3:.Q=28,3-30.
Q=20-21, range 2: Q=227 24, range
i 4:.-?15;3;'? :;;:.of the source signals: signals with
Gimﬁ:&::fuu:mda! frequencies of the si gnal spec-
wrum from the range: 40— 100 Hz (in the case ofrvcta:gt_l-
lar spectrum 0= centroidal frequency = ./, 10
the case of Gauss signal f_, = f,). ) .
The graphs of seismic ray trajectories of tuming
wave for the four discussed gradient models without anom-
alous zones are presented ~ with the location of shot [K‘S P)
and receivers points — in the Figures | —4. The analysis of
these graphs lets us state that the maximum depth of 8 ray
penetration considerably exceeds the most often ?uu:umng
depths of the low velocity layer bottom reaching com-
monly the values from a dozen or so to tens of meters, That
means that in the real conditions only part of the receivers
located nearer to the shot point will record the tuming wave
in first breaks. The others will record the head wave origi-
nating at the bottom of low velocity layer. In the Figures
1-4 two horizontal lines are drawn at the depths of 50 and
100 m in relation to the level of shot/receivers. Taking
into account these lines we can state that only for the mod-
el from Figure 2 (V = 1,7 1,75 knv/s) the maximum depths
of aray penetration are within the range of 100 m. For
ather cases that condition is fulfilled for about 2/3 to 3/4
of the considered lefl part of the spread. Therefore in the
analysis of the variations of the spectrum centroidal fre-
shot in the range of their numbers from 30 to 60,

Fig. 1.
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The model of gradient medium with ray trajectories
of turning wave, VMIN = L7 km/s, VMAX = | § ks,
QMIN = 20, QMAX = 21, vertical axis — depth in me.
ters, horizontal axis — distance in meters, source g
ordinate XSP = 3800 m

. Model ofrodka gradientowego z trajektoriami pro-

mieni fali refragowancj, VMIN = 1,7 km/s, VMAX =
1,8 km/s, QMIN = 20, QMAX = 21; 0§ pionowa - gle-
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Fig. 2. The model of gradient medium with ray trajectories

Rys. 2. Model ofrodka gradientowego z traje

X = 1,75 ks,
depth in
souree

of turning wave, VMIN = 1,7 knv/s, YMA
QMIN = 20, QMAX = 20,4; vertical axis -
meters, horizontal axis — distance in meters,
5P = 3800

coordinate XSP m i P;“‘
mieni fali refragowane], VMIN = 1,7 ki/s, v il\'ll:'\““
1,75 km/s, QMIN = 20, QMAX = 20.4; of E{w b
~ glgbokodé w metrach, o pozioma — adleglo

trach, wspolizgdna zrodin XPS = 3800 m
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V1.7 W/

Fig. 3. The model of gradient medinm with ray trajectories
ol turning wave, VMIN = 1.5 km/s, VMAX = 1,7 km/s,
OMIN=17.5, QMAX = 19.83; vertical axis — depth in
meters, horizontal axis — distance in meters, source
coordinate XSP = 3800 m

Rys. 3. Model asrodka gradientowego z trajektoriami pro-
micni fali refragowanej, VMIN = 1,5 km/s, VMAX =
17 km/s, QMIN = 17.5, QMAX = 19,83; 04 plonowa
= glgbokodé w metrach, of pozioma - odleglodé w me-
trach, wspdlrzgdna rddia XPS = 3800 m

el

Fig. 4. The model of gradient medium with ray trajectories
of turning wave, VMIN = 1,7 knv/s, VMAX = 1,9 km/s,
OMIN = 20, QMAX = 22.2; vertical uxis - depth in
meters, hori 1 axis — di in meters, source
coordinate XSP = 3800 m

Rys. 4. Model odrodka gradi ego z trajektorinmi pro-
mienl fali refragowanef, VMIN = 1,7 km/s, VMAX =
1,9 ko/s, QMIN = 20, QMAX = 22.2; oé plonowa - glg-
bokod¢ w metrach, od poziomn - odleglodé w metrach,
wapblrzednn drddin XPS = 3800 m

Figure § illustrates the rectangular spectrum of the
source signal and the signal spectra in the receiver points
1o 10 - 60 for the model from Figure 1. For the réctangu-
lar spectrum of the source signul the spectra of signals in
the receiver points may be identified with the frequency
characteristics of the medium in the frequency band of the
source signal. Apphications of the rectangular spectrum of
the source signal means the simulation of the vibrator
source. The variations of the spectra with distance are sig-
nificant only in the mnge of receivers with numbers 10-60

T
0 20 40 80 80
f(Hz)

Fig. 5. The rectangular spectrum of the source signal and the
signal spectra In the recelsver points no. 10-60 (the
distance of shot point from recelver no. 60 ks 50 m) for
the model from Figure | (VMIN = 1,7 km/s, VMAX =
1.8 km/s, QMIN = 20, QMAX = 11)

Rys. 5. Widmo prostokgtne sygnalu irodia oraz widma syg-
naldw w punktach odbioru nr 10-60 (punkt wrbudzenia
odlegly 50 m od odbiornika nr 60) dla modelu 2 fig. |
(VMIN = 1,7 km/s, VMAX = L8 km/s, QMIN = 20,
QMAX = 21)

Figure 6 illustrates the Gauss spectrum of the source
signal and the signal spectra in the receiver points no.
30-60 for the model from Figure 1. The variations of the
signal spectra with a distance from the shot point are very
significant in this case. We can observe very strong decreas-
ing of the spectrum amplitude and distinet decreasing of
the frequency of the spectrum maximum.
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tance of shot point from receiver no. 60 is 50 m) for

the model from Figure 1

Rys. 6. Widmo Gaussa sygnalu Zrodla oraz widma sygnalow
w punktach odbioru nr 30 - 60 (punkt wzbudzenia
odlegly 50 m od odbiornika nr 60) dla modelu z fig. 1

In Figure 7 the graphs of centroidal frequencies
f__ ofthe receiver signal spectrum are presented as a func-
tion of the receiver number for the medium models from
Figures | —4 for the frequency f_ = 80 Hz of rectangular
source signal spectrum. The significant variations of
f__—n the range from 40 Hz to about 5 Hz ~ can be ob-
served only for the receiver numbers from 30 to 60. So
strong decreasing of f__ values induced the author to in-
troduce much greater values of Q factor (lower attenua-
tion), The results of calculations for these new values of
Qillustrates Figure 8,

Fig. 7.

Rys. 7.

Fig. 8.

Rys. 8.

feentr (Hz)

0 10 20 30 40
receiver numbear

0 L DELEED LN BRI B e
50 &0

The graphs of the spectrum centroidal frequencics of
the receiver signal as a function of receiver number
for the medium models from Figures 1 - 4 for the
frequency f_ =80 Hz of the rectangular source signal
spectrum

Wykresy czestotliwosci centroidalnych widma sygna-
lu odbiornika w funkeji nr odbiornika dla modeli
ofrodka z figur 1 - 4 dla cz¢stotliwodel [ =80 Hz
prostokatnego widma sygnalu Zrodla

idal frequencies of
mber for
=40 Hz

for dif-

The graphs of the spectrum centro
the receiver signal as a function of receiver ny
the model from Figure 1 for the frequency f—h
of the rectangular source signal spectrum an
ferent ranges of () factor vnl:l:s
Wykres czgstotliwoéei centroida

nd’l:iomlk?w funkeji nr odbiornika dla mﬂdtln‘:tﬁf‘;u
dia czgstotliwoel £, = 80 Hz proumkalﬂ'ﬂid wepil
sygnalu zrodia i dla roznych zakres6¥ warl
czynnika Q

Inych widm# sygnalt
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The analysis of {_, variations confirms a relatively
not large change of f_ decreasing with distance from lhla:
shot point. In the range of receiver numbers from 60 1o
30, 15 decreasing from 40 Hz to about 5 - 10 hz for the
values of Q factor from the range 20 - 40

Figure 9 presents the graph of centroidal frequencies
of the recewver signal spectrum as a function of the receiver
number for the model from Figure 1 for different frequencies
[, rectangular spectrum (80 — 120 Hz) of the source signal
for modified range of Q values (Q = 22,67 - 24). A significant
influence of [ frequency on the f_ variations is visible
only in the range of receiver numbers 50 - 60

g
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fcentr (Hz)
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1
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o 10

T T

I 1
2
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Fig. 9. The graphs of the spectrum centroidal frequencies of
the receiver signal as a function of receiver number
for the model from Figure 1 for different frequencies
[, of the rectangular source signal spectrum and
maodified range of Q) factor values

Rys. 9. Wykres czgstotliwodei centroidalnyeh widma sygnalu
odbiornika w funkeji nr odbiornika dla modelu z fig. 1
dla roznych czestotliwosei f prostokytnego widma
sygnalu zridia dla zmodyfikowanego zakresu wartosci
wspolezynnika Q

The succeeding calculations were performed for the
source signal spectrum in the form of the Gauss function
That signal 1s commonly used in the amplitude tomography
based on the inversion of {_ variations, The spectra of the
signals for values of the f, parameter (equation 2) from the
range 40 ~ 100 Hz are shown in Figure 10, and the results

of {__ calculations are illustrated in Figure 11.
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Fig. 10. The graphs of the source Gauss signal spectra for
different peak frequencies f, against a background
of the rectangular spectrum 0 — 80 Hz

Rys. 10, Wykresy widm sygnalu Gaussa zrodia dia rdinych
czgstotliwosci dominujacych f, na tle widma pro-
stokatnego 0 - 80 Hz

Fig. 11. The graphs of the spectrum centroidal frequencies
of the receiver signal as a function of receiver number
for the model from Figure 1 for different peak fre-
quencies [, of the Gauss source signal spectrum and
for a range of the quality factor values Q = 20 - 21

Rys. 11. Wykres czgstotliwosci centroidainych widma sygnalu
odbiornika w funkcji nr odbiornika dla modelu
z fig. | dla réénych czgstotliwodci dominujycych I
widma Gaussa sygnalu frédia dla zakresu wartosci
wspilezynnika Q = 20 - 21
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Fig. 12. The comparison of the variations of the spectrum
centroidal frequencies of the receiver signal as
a function of the receiver number for the rectangular
(0 - 80 Hz) and Gauss (f, = 40 Hz) source signal
spectra for the model from Figure 1

Rys. 12. Pordwnanie zmian czgstotliwodei centroidalnych
widma sygnalu odbiornika w funkeji nr odblorni-
hdllpmtohum{tl-mlmlpnmkugn
(f, =40 Hz) widma sypnatu frodia dia modelu 2 fig, |

2.2. The results of calculations for the adient
models with anomalous zone -

In the case of calculations made for th I
: i i e gradient
models with hmu the anomalous zone with the
decreased velogity (V = 1200, 1400 m/s) and decreased
Q factor (Q = 14, 16.33) has been taken into account, The

anomalous zone had the shape of a rectangle of (he iy
sions; width — 500 m, height - 30 m, and y was |ng;u::n'
the depth of 30m under the level of shoUrecerverg ‘rh“
variation of the shot point location in relation the an, 2
alous zone was taken into calculations. Figure 13 ilhmr' m.
the velocity model and Figure 14 - the moq,
( factor.

dles
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Fig. 13. The velocity model of & medium for a variant of the
anomalous zone with a velocity V = 1200 m/s

Rys. 13. Model predkoSciowy ofrodka dla wariantu anoma-
lii z predkosciy V = 1200 m/s

= -100

H{m

500 1000 1600 2000 2500 3000 3500

Fig. 14, The Q model of a medium for o variant of the anom
ulous zone with a velocity V = 1200 m/s

Rys. 14. Model Q oérodka dla wariantu strefy
z predkodcin V = 1200 m/s
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Figures 15 ~ |8 present the graphs o1t al veloe:

of turning wave for the discussed models ot “-:mfl.cmu.
ity sampling Az = 10 m (Figures 15 - 16) and l]l;l‘_ 18),
vertical velocity sampling Az = 1 m (Hgures
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plicated shape resulting in great part from the specificity
of the modeling using discrete velocity models. Their fea-
ture 1s a lack of sharp boundaries of heterogencity zone
which were drawn i figures only for the purpose of the
zone locahization. In discrete models the anomalous zone
15 surrounded with the band (ns width is equal 1o the dis-
tance hetween the nodes of the grid) of strong velocity (and
0 factor) gradient. This 1s the vertical gradient under and
above the anomalous zone and honizontal gradient on both
stdes of that zone. We must remember that the ray trajec-
tory is also determined by the second spatial derivatives of
the velocity. As a result, the effect of | boundaries™ of the
anomalous zone ranges over the distance of double sam-
pling interval of velocity causing the ray deviation it some
distance from the anomalous zone. Such false trajectories
should be excluded from the caleulations of frequency
charactenistics of the medium. It seems that the best crite-
rion of the exclusion may be a comparison of the travel-
times obtained 1n the process of ray trucing with the results
of the first break picking applied to the theoretical records
resulting from wave equation modeling.

V=17 e 0N
Ay

V=1.0 /e
—

L] w0, 1200, s

Fig. 15, The ray trajectories of the turning wave in a model
of the gradient medium with anomalous zone V = 1,2
Kmfs, Q = 14; VMIN = 17 Km/s, VMAX = L8 km/s,
OMIN = 20, QMAX = 21; vertical axis — depth in
meters, horbzontal axis - distance in meters, source
coordinate XSI* = 3800 m, Az = 10m

Rys. 15, Model odrodka gradientowego 2 niejednorodnodeiy
Vo= 12 kmls, Q = 14 z trajektoriaml promiend fali
refragowane], VMIN = 17 ki/s, VMAX = L8 km/s,
OMIN = 20, OMAX = 21, o4 plonowa — glghokodd
w metrach, of poziomn  ~ odleglodé w metrach;
wapilrzgdnn frodia XI'S = 3800 m, Az = 10m

Fig. 16, The ray trajectaries of the turning wave in 2 mo-
del of the gradient medivm with anomalous zone
Vo= L4 kmis, Q= 1633; VMIN = 1,7 ks, VMAX =
LA km/s, OMIN = 20, QMAX = 21; vertical axis -
depth in meters, horizontal axis - distance in meters,
source coordinate XSP = 3800 m, Az = 10m

Rys. 16, Model odrodka gradientowego z niejednorodnoscia
Vo= LA km/s, ) = 16,33 2 trajektoriami promieni fall
refragowanc), VMIN = 1,7 kni/s, VMAX = 18 km/s,
QMIN = 20, QMAX = 11; of pionowa - glebokodsé
w metrach, o8 poziomn - odleglosé w metrach,
wipdlrzgdna irddia XPS = 3800 m, Az = 10m

Vel e

oo e Lo, e »rn. e

Fig. 17, The ray trajectories of the turning wave in 2 model of
the gradient medium with sone V= |4 km/s,
Q= 1633, VMIN = 1,7 km/s, VMAX = LB km/s, OMIN
= 20, QMAX = 21; vertical axis — depth in meters,
horizontal axis - distance in meters, source coordinate
XSP = 3800 m, decreased sampling interval Az = | m

Rys. 17. Model ofrodka gradientowego 7 niejednorodnodciy
Vo= LA km/s, ()= 16,33 2 trajektoriami promieni fali
refragowane], VMIN = 1,7 km/s, VMAX = |8 km/s,
QMIN = 20, QMAX = 21; 0s pionowa ~ glghokodé
w metrach, of pozioma - odleglodé w metrach, wspl-
regdnn dridia XPS = 3800 m, zmniejszony krok prob-
kowannia Az = 1 m
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Fig. 18. The ray trajectories of the turning wave in a model
of the gradient medium with anomalous zone V=1,4
kmis, Q = 1633; VMIN = 1,7 km/s, VMAX = 18
km/s, QMIN =20, (QMAX =21; vertical axis - depth
in meters, horizontal axis — distance in meters, source
coordinate XSP = 2800 m, decreased sampling inter-
valAz=1m

Rys. 18. Model oérodka gradientowego z niejednorodnoscia
V=14 km/s, Q= 16,33 z trajektoriami promieni fali
refragowanej, VMIN = 1,7 km/s, VMAX = 1,8 km/s,
QMIN = 20, QMAX = 21; of pionowa - glgbokodé
w metrach, 0§ pozioma — odlegloié¢ w metrach,
wspblrzedna frédia XPS = 2800 m, zmniejszony krok
pribkowania Az=1m

The analysis of the ray trajectories in Figures 15-18
confirms that the recording of the rays propagating through
and close to the anomalous zone is expected ~ applying the
ray approach —in the receivers more distant from the source
(in the range of receivers number below 30). At these dis-
tances the centroidal frequencies f__ have low values and
their variations are small too. The comparison of the f_
variations for the considered models without and with a/the
anomalous zone is presented for a smaller distance of the
source pomnt from that zone in Figure 19. As we could
expectthe {__ variations appear at long distance receivers
and they are relatively small (several Hz). Additionally, the
regular behavior of the hodograph in the case of the anom.-
a.lolus zone (Figure 20) does not reflect the complicated ray
trajectories from Figure 18,
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Fig. 19. Thegraphsoff___for a model from Figure 181y the
case of the medium without anomalous zone (blnck
line) and with anomalous velocity zone V =1 4 kmys
(red line) for the source coordinate XSP = 2800 m,
decreased sampling interval Az=1m

Rys. 19. Wykres {__dla modelu z rys. 18 dla warianty
osrodka bez anomalii (linia czarna) iz anomalig
predkosciows V = 1.4 km/s (linia czerwona) prazy
wspélrzednej Zrédla XPS = 2800 m, zmniejszony
krok probkowania Az=1m
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Fig. 20, Comparison of hodographs for the case of 4 model
from Figure 19 with and without anomalous mnem

Rys.20. Poréwnanie hodografow dia przypadku mode
2rys. 19 ze strefy anomalng lub bez niej
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From the above analysis it can be expected that
only a very shallow anomalous zone located near the source
may bring an essential change of centroidal Irequencies
Therefore the last examined model consisted of a shallow
gradient layer (thickness 10 m) with very low velocities
(varying hnearly from 800 to 1700 m/s) and small values
of Q factor (varymg from 9,33 to 19,83) introduced to the
gradient model from Figure 1 The anomalous zone with
decreased velocity and Q factor (V = 800, 1000, 1400 m/s.
Q = 9.33: 11.66; 16.33) was located at a depth of 15 m
(width 500 m). The ray trajectonies for the discussed mod-
¢l and anomalous zone with a velocity of 1.4 km/s are pre-
sented in Figure 21. In Figure 22 the graphs of the centroidal
frequences are shown for three vanants of anomalous zone
velocities. The differences between [ for models with and
without anomaly are illustrated 1n Figure 23, As we can see
from these figures the anomaly of s located in the range
of strong variations of centroidal frequencies but the anom-
aly of f__ does not exceed a value of 1 Hz.

\

Fig. 21. The ray trajectories of the turning wave for the
model from Figure 18 after decreasing the depth of
anomalous zone and introducing additional near-sur-
face low velocity thin gradient layer, XSP = 3300 m/s

Rys. 21. Trajektorie promieni fali refragowanej dla modelu
zrys. 19 po zmnicjszenin glebokoscl strefy anoma-
Inej i wprowadzeniu dodatkowe| nisko-predkodciow e
przypowierzchniowe] cienkiej warstwy gradiento-
wej, XSP = 3300 m/s
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Fig. 22. The _ graphs for the model from Figure 21 for
three variants of anomalous zone velocities

Rys. 22, Wykresy (_ dla modelu 2 rys. 21 dia trzech warian-
tiw predkoded strefy anomalne|

= anomaly 1 4 kmis
1 = gnomaly | 0kmis
= snomaly 0.8 kmfy
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Fig. 23. The differences between [ graph for the mo-
del from Figure 21 without anomalous zone and
f,,, graphs from Figure 22 for three variants of
anomalous zone velocity and Q factor

Rys. 23. Réinice migdzy wykresem f__ dla modelu z fig. 21
bez strefy anomalnej | wykresamif_ z rys. 22 dia
trzech wariintow predkodei | wspdlezynika Q strefy
anomalnej
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Streszczenie

W pracy przedstawiono wyniki obliczen trajektoni
1czasow przebiegu promiem sejsmicznych fali refragowa-
nej w dyskretnym oérodku gradientowym strefy przypo-
wierzchniowe). Trajektoric promieni (figury 1-4) okresla-
ne byty na drodze rozwiazywania ukiadu réwnan réznicz-
kowych, wynikajacych 7 zasady Fermata. Wyniki tych
obliczen byly podstawa okreslenia charakterystyk thumie-
nia osrodka, odpowiadajacych poszezegolnym promieniom
oraz widm zalozonych sygnalow Zrodla w punkiach od-
bioru wraz z czestothiwosciami centroidalnymi tych widm
(figury 5-12). W obliczeniach uwzgledniono réwniez mo-
dele gradientowe z anomalnymi strefami o obnizonej war-
tosci predkoscr 1 thumienia (figury 13-23). Dokonano ana-
lizy rozkladu trajektoni, zmian widm 1 ich czestotliwosci
centroidalnych dla roznych parametréw sygnatu zrodia
1 roznych parametrow modelu sejsmogeologicznego przy-
powierzchniowej strefy oérodka (figury 19-20, 22-23).
W obliczeniach uwzgledniono schemat obserwaci sejsmi-
ki powierzchniowej. Wyniki obliczen pozwolily stwierdzié,
¢ silne zmiany czgstotliwosci centroidaline) sygnahu pro-
pagujacego w strefie przypowierzchniowe) sa obserwowa-
ne jedynie w zakresie odleglosci do okolo 1000 m od Zréd-
la. Zlozony charakter trjektorii promieni sejsmicznych
w strefie przypowierzchniowej ze strefami anomalnymi
potwierdzil koniecznosé uwzglednienia podejscia falowe-
go przy selekc)i promieni, wykorzystywanych do obliczen
czestotliwosciowych charakterystyk thumienia osrodka.
Uwzglednienie w obliczeniach anomalnych stref o obni-
zonych wartosciach predkosci | wspatczynnika dobroci Q
w obrgbie gradientowej warstwy przypowierzchniowsj
dostarczylo relatywnie niewielkich zmian czgstotliwosc
centroidalne) szerokopasmowego sygnatu sejsmicznego.
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THE DIRECTIONS OF CURRENT APPLICATIONS OF TRANSFORMS
TO SEISMIC DATA PROCESSING AND ANALYSIS’
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Abstract

In the presented paper the directions of current applications of the mathematical transforms to seismic data process-
ing and analysis have been deseribed. In the analysis the following transforms were taken into consideration: Gabor trans-
form, Karhunen-Loeve transform (K-L Transform), wavelet transform (WT transform), curvelet transform. The theoretical
background of the analyzed transforms were presented and their main applications relating to coherent and random noise
attenuation in the seismic data processing. Additionally, the applications were described relating to seismic sections analy-
sis based on the instantaneous spectral analysis (ISA) as well as the applications used in the image analysis. The comparison
of the results of different kinds of spectral decompositions were presented using selected model and field data.

KIERUNKI NAINOWSZYCH ZASTOSOWAN TRANSFORMAT W PRZETWARZANIU
TANALIZIE DANYCH SEJSMICZNYCH

Slowa kluczowe:
geofizyka, metody sejsmiczne, transformaty, przetwarzanie i analiza danych sejsmicznych

Abstrakt

W pracy przedstawiono kierunki najnowszych zastosowar transformat matematycznych w przetwarzaniu i analizie
danych sejsmicznych. W analizie uwzgledniono transformacje Gabora, transformacje Karhunena-Loevego (K- Transform),
transformacjg falkows (Wavelet Transform) oraz transformacje krzywkowa (Curvelet Transform). Przedstawiono podstawy
leoretyczne tych transformacii oraz ich glowne zastosowania, zwiazane z usuwaniem zaklécen koherentnych i przypadko-

! University of Science and Technology AGH, Faculty of Geology, Geophysics & Environment Protection, Department of Geophysics,
Cracow, Poland.

* The paper was prepared within the project of MNISW no. N N525 168735 and statutory works of MNiSW in the Department of
Geophysics contract AGH no. 1111,140.,06.



BIGNIEW KASINA

tak

Zz
58 s zastosowania zwiazane z anahiza sekeji sejsmie myeh

procesi ia danych s¢)
je przetwarzania :
i “I;l chwilowej analizie spektralne) (4

k6w roznych typow dekompozycji 5P

Intﬂldﬂdjlm

Mathematical transforms are the most important
al

: ; theoretical
tools of seismic data processing Creating the

backgro processes used in seismic processing
mT::i;::l;opulu and commonly used ones are

. in 1-D processing and
!he FmMmeri:::f;:n ﬂ:;i F-K filtering, Radon
:mi:'m used in the linear version (the “’.’“‘]‘ﬁﬁ'
e iﬂhi]ﬁ'bdk‘ mm(xﬂmainly to
S::::ll yﬂ;tl];e;‘:ﬂ t::anﬂom noise ratio u)r to attenuate the
coherent not waves, multiples). .

In mﬂmme new transforms appeared in lhz
theory of seismic data processing creating backsmic
fmmmmﬂgwﬂ-mzm =
mwmismgmﬂwwnwldumsfom mdtl_wmrve
mfm'rhelhmyoflhemv:le(mnsfnm is based on
the well known Gabor transform and the theory of curvelet
transform is quite new. The way of the application of wave-
let and curvelet transform is very similar to Karhunen-
Loeve Transform (K-L Transform), well known for many
years but still used now in new applications (Bitri & Grand-
jean 2004, Kritski et al. 2007).

1. Gabor Transform

Gabor stated in 1946 (Gabor 1946) that any signal
(1) can be expressed as a superposition of shifted and
modulated versions of the elementary signal g(i):

#(t)=LLa_ gt~ maT)e (1)

where m and k are integer values, a_, are properly chosen
mﬂ'iqum. glt-maT) 1s ashifted version of g(1) with
atime shift a7, A0 is the frequency shift. Time shift and
frequency shift satisfy the relationships:

smicznych. Opisan®
/ania

54 ) oraZ zastosow

ktralnej na wybranych dan

Zwiazane Z analiza obrazow. Przedstawiono POrOWnane
ych modelowych 1 polowych

Qr=1r afi =1

mthe 5pecial case aff = / it can be showed (Bastiaans 1980)
that the expansion coefficients a_ may be defineq using
so-called Gabor transform:

a,= [ﬂ;pr' (t=maT)e FMudg (2)

where w1 is the window function. The discrete Gabor
transform may be expressed in the form:

s{l')’i \j;lC h(i — mAM)exp(2zin/N)
m=0 a=D ™"
(3)
C = % s(iyy*( — mAMexp(— 2xin/N)
mA (=D

where s(i) is time series, C__are Gabor coefficients, m is
time index, n is frequency index, /(i) is synthesis window,
+'(i) is analysis window, N i1s a number of frequency indi-
ces, AM and AN are sampling intervals in time and fre-
guency domains.

The Gabor transform was applied to the theory of seis-
mic signal propagation as well as to the theory and practice
of seismic data processing. Morlet et al. (1982a. b) used the
zerophase wavelets modulated by the Gaussian t:n\.'elopc and
corresponding complex wavelets as the basic wgvctcls nthe
Gabor expansion of arbitrary signal in 2-D time and fre-
quency domain. The complex functions defined in this way
were used to describe the process of seismic signal prul'ﬂs‘a‘l
tion and to process the seismic signals. The Gabor senes may
be treated as the tool to defipe the discrete spectra of lnst‘il.ll';
taneous frequency and to high resolution processing Wi
preservation an information about the signal phﬂﬂt-‘d "

Margrave and Lamoureux (2002) preseniec ® s
approach to nonstationary seismic deconmhmonl ;bld‘:pos
Gabor transform. The proposed deconvolution Mace i
sible to define the Gabor transform of seismic rcﬂ':_co:'m
by the division of the Gabor spectrum of nonstati

- d ( char-
seismic trace with the estimate of source signal and Q
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actenstic of the absorbing medium. In the continuous Gabor
transform of a signal s(t) defined in the form:

frf) = J_.tmgl.f - T)e " gy 4

where g(1) is the Gabor analysis window and parameter ¢
defines the location of a window center, the function e
had the form of Gaussian function

The next application of Gabor transform in the proc-
ess of prestack depth migration was presented by Yong-
wang 1 Margrave (2006). The proposed Gabor depth imag-
ing algorithm approximates wavefield extrapolation in
the variant of generalized phase-shift-plus-interpolation
(GPSPI)

The application of Gabor transform together with
neural networks for the purpose of an automatic phase
correlation was described by Glinsky et al. (2001), The
wavelet Gabor transform was used here to provide magni-
tude and phase information about the events at a vanety of
resolutions (scales), orientations (rotational angles), and
frequencies. A variety of ellipucal Gabor kernels were
applied to/in the form:

s

K(r, jot* ') = exp [ ] [cos2z /T +ism 2 T)

I
20 20

a
Fourier \
it e e L)
\ | ' Transform l'

y
)

where

T=(r-r)osd +2=2 si f
Jeost Y sinél

1
[

I=r
S=(s-s")cosh - —— sinf
£ = 5" Jcosh Y sinf}

where fis the frequency of the Gabor kemel, o, is the ime
width, @, is the offset wadth, dv/df is the orientation, At is the
time sampling interval, As is the offset spacing, s is the offset,
1 is ime, and x is the subpoint. The amplitude of the Gabor
transform indicates where the events should be looked for, the
phase indicates where they should be picked.

2. Wavelet Transform

In the process of Fourier transform the signal is
transformed from the amplitude-time domain to the ampli-
tude-frequency domain breaking down a signal into con-
stituent sinusoids of different frequencies (Fig. 1).

Fig. 1. The most important features of Fourler transform: () transformation from the amplitude-time domain to amplitude-
frequency domain, (b) breaking down signal into constituents

Rys. 1. Najwalniejsze cechy transformacji Fouriera: n) przejicie z domeny amplituda-czas do d

b) rozKlud sygnalu na skladowe harmoniki

y amplituda-czgstotliwosé,
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; (et analysis is 100Sing
important drawback of Fourer anaz s
E?uf information during the msformatll::ﬂ l: ;m i
uency domain. Asa result we annotlmll W pme
ar event took place. To overcome this problem

Fig. 2. The transformat
Transform) .
Rys. 2. Przejécie z domeny amplituda-czas do domeny

form)

This technique is called windowing the s?gml. Gabor’s
adaptation, named the Short-Time Fourier Trans:furm
(STFT), maps a signal into a two-dimensional function of
time and frequency. STFT provides some information about
both when and at what frequencies a signal event occurs.
However, the information is obtained with hm.lled precision
determined by the size of the sliding analysis window. The
drawback of STFT is that the analysis window is the same
for all frequencies.

The STFT transform may be described in the form
of the following integral:

STFT(wy) = ] Akt - thedt (5)

where the window function ¢ has the center at the time
t= 1, ris the translation parameter, and ¢ is the conjugate
complex function of . The time frequency map is named
spectrogram.

To overcome the main drawback of STFT transform
connected with the established size of the analysis window
the Continuous Wavelet Transform (CWT) was proposed.

é
U

jon from amplitude-time domain to frequency-time d

serious one in the case of the nonstationary signalg Den.
nis Gabor (1946) adapted the Founer transform 1, analyze
only a small section of the signal at a time (Fig. 2)

Time

omain in STFT transform  (Short-Time Fourier

czestotliwodé-czas w transformacji STFT (Short-Time Fourier Trans.

The CWT is defined as the sum over all time of the signal
multiplied by scaled, shifted versions of the oryginal (or
mother) wavelet function:

C(scale, position) = iﬂn y(scale, position, f)dr

where (1) is the mother wavelet playing the role ofan
analysis window of varying size. The results of the CWT_
are many wavelet coefficients €, which arc a function of
scale and position. Wavelet analysis applies to long mlm-
analysis intervals where more precise low-frequency i
formation is needed, and shorter analysis intervals .whcrc
high-frequency information is desired. Then lhtf main fea-
ture of the wavelet analysis is an application of size vary
ing analysis windows. In the wavelet transform the sumr:l
is transformed from the amplitude-time domain 1 scale-
time domain (Fig, 3). The mother wavelet is defined as II:C
wave form with limited time duration and zero avernglc
value located in time and in space. The scaled and‘ “’"'“
lated versions of the mother wavelet are the result 0 WY
let analysis (Fig. 4).
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Amplitude

Time

Fig. 3. The transformation from am
Rys. 3. Pree

Wavelet

—

Transform

_—
| \/ Y/ =G =

A

Scale

Time
Wavelet Analysis

plitude-time domain to scale-time domain in wavelet transform (WT)
jscie z domeny amplituda-czas do domeny skala-czas w transformacji falkowej (WT)

ot

SR ol

Fig. 4. Properly scaled and translated wavelets as the results of wavelet analysis

Rys. 4. Wiadeiwie przeskalowane i pr

igte fale el

The set of wavelets is generated by stretching and
the translation of wavelet w(#) (Sinha et al. 2005). +

w (= —‘!;; w [f_;_rl

where y(t)e L*(%), a1 t ¢ W, parameter a is called dilatation
parametr or scale. Then CWT transform may be presented
in the form:

r\/\/\/\M/\ e

_\/m‘_.

Low scale

Wavelet

arne jako wynik analizy falkowej

dr (6)

. I e -
Flon) = _.[ﬂ_rl v [f—g'—r

where F (@, 7} is the time-scale map (scalogram). There is
a correspondence between wavelet scales and frequency
(Fig. 5). The low scale and compressed wavelet is used to
analyze high frequency rapidly changing details of the sig-
nals. The high scale und stretched wavelet is used to analyze
low frequency slowly changing details of the signals,

—AWMe
o e

High scale

Fig. 5. The relation between the degree of wavelet stretching and scale value in CWT transform
Rys. 5. Relncja migdzy stopniem rozeiggnigein waveletu i wartosein skali w transformacji CWT
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function based on its

i the f{1)
The reconstruction of the / o aaing thefels-

wavelet transform F, (o, ) may be real
tion (Sinha et al. 2005):

1-1| dode (7)
A1 =E]_—I'lf',(a.r)¢‘[“a_'] P "

where C_ satisfy the condition:

p(oF
G =2x] = s

and ¢ (e) is the Fourier transform of y(1), C, is constant
for wavelet . In the continuous wavelet transform com-
monly used 1s the Morler wavele (Fig. 6) defined by the
relation:

Wn{f]= x‘wﬁem ®)

where @, is the frequency. The center frequency of the
Morlet wavelet is inversely proportional to the scale.
Sinha et al. (2005) proposed new approach named
Time Frequency Continuous Wavelet Transform (TFCWT).
Using the Fourier transform of f{1) function in the form:

fiw)=1 fe=ar
they introduced function f{7) from relation (7) obtaining

after some transforms the basic relation of TFCWT trans-
form:

(a)
1 1
ost 1
4
i 0
2.
=1 1
0 (e e w ] 5
Time (8)

_(_l{"l

2 I ¥ -
fn=g LFanieo)e~— 7 )

where () is the complex conjugate of w and F, (4, 7) i e
time-scale map (i.e. the scalogram)

The main feature of TFCWT s high-frequeney,
resolution and low-time resolution at low frequencies gng
low-frequency resolution and high time resolution g high
frequencies. Thus the discussed transform can improve 1,
resolution of a nonstationary signal avoiding the subjective
choice of window length necessary for the case of STFT
(Short Time Fourier Transform).

In the CWT (7) the window function y(1) is called
the kemnel wavelet, & is called the scale and in practice i
replaced by 2, where is the scale index. For the smaj
values of the scale index the width of the frequency band
of the function is not large. As the scale index increases
the function frequency band increases and the time width
of the window decreases making it possible to identify the
individual spikes. The function (1) should be absolutely
integrable and square integrable being band limited and
having zero mean (Chakraborty, Okaya 1995). An example
of such a function is a commonly used modulated Gaussian
defined as Morlet wavelet (relation (8), Fig. 6). The set of
wavelets used in wavelet transform is very broad. It con-
1ains Daubechies wavelets (notation dbN where N is the
wavelet order), biortogonal wavelets (notation bior), Coif-
man wavelets (called Coiflets), Symlets, Meyer wavelet

(&)
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(c)
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Time (s)
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Frequency (Hz)

Fig. 6. Morlet wavelet: for scale index 0 (a) and its spectrum (b), for scale index 2 (c) and its spectrum (d) (after Chakraborty

& Okaya 1995)

Rys. 6. Fala elementarna Morleta: dia indeksu skali 0 (a) oraz jei widmo (b), dla indeksu skali 2 (¢) oraz jej widmo (wg Chakra-

borty & Okaya 1995)

In the continuous wavelet transform the function is
decomposed using band-pass filtering the signal at different
bandwidths while in the discrete wavelet transform (Dis-
crete Wavelet Transform — DWT) 2-D scale-transformation
space is implemented using quadrature mirror filier (OMF)
(Chakraborty, Okaya 1995). QMF consists of two filters:
high cut and low cut. The original signal is filtered by
a halfband low-pass and a half-band high-pass filter fol-
lowed by a down sampling by a factor of two. In the next
step the output of the low-pass filter is then filtered again
using the same two filters. The process of filtering is con-
unued until the desired level of decomposition is obtained.
Such a process is equivalent to a CWT with scale index
of the kernel wavelet changing by integral values (the
so-called diadic scales and positions).

The resolution of wavelet transform is not uniform
across the entire time-frequency plane. WT has good time

resolution for high frequencies (and therefore poor fre-
quency resolution) and good frequency resolution for low
frequencies. The problem of good resolution at the inter-
mediate frequencies is still unresolved. To solve this prob-
lem Mallat and Zhang (1993) proposed Matching Pursuit
Decomposition (MPD). In the matching pursuit decompo-
sition (MPD), a set of basis functions are generated by
scaling, translating, and modulating a single window func-
tion as (Chakraborty, Okaya 1995):

1 t=t| ..
Vieeol )= 7= rp[ = ]r"' (10)
where s is the scale, tis the translation and ¢ is the freque-
ncy modulation. The basis functions are called “timefre-
quency” atoms. If is Gaussian then £ are called Gabor
atoms, It was established that Gabor atoms provide excel-
lent time-frequency resolution (Fig. 7).
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du.,umpu.-mun of the SEISMOgram o constituent
wavelets using wavelet transform methods such as MPD
summing the Fourer spectra of the individual wavelets
in the time-frequency domain to gencrate a so-called fre-
quency gathers,
sorting the frequency gathers to provide common
(constant) frequency cubes, sections. time shices. and ho-
rizon slices
An application of the discussed method consider-
ably improves the spectral analysis resolution, identifica-
tion of thin layers and defining direct hydrocarbon indi-
cators (DHI). The possibilities of the technique shows
Fig. 8, containing the synthetic seismic trace with con-
stituent signals and results of ume-frequency analysis of
the trace. The resulted graph shows amplitude spectra
of each time sample and 1s often called frequency gather
The constituent signals creating the complicated interfer-
ence wave pattern in the tme domain are easy to 1den-
tify on the map of ume-frequency znalysis resulting
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Jogram de- Fig. 8. A comparison of the true spectra with the ISA spectra
d s a scale for the case of synthetic trace: the trace and its con-
thod stituent wavelets (on the left), true spectra (in the

Fig 7. A comparison of different kinds of synthetic seismogram decomposition: (a) synthetic seismogram. (h) Klilll
composition using Short Time Fourier Transform (STFT), (c) seismogram decomposition using CWT presen

index. . istribu
( ﬂlr.g;:::lmn Y stissoprase decomposition using MPD presented as an frequency-time energy 08 middle), ISA spectra (on the right) (after Castagna et
N borty & Okaya 1995) s al. 2003)
oréwnanie poiyel ; L
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panson with Discrete Founer Transform spectra are con-
taned in Fig 10, The maun

eature of FFT spectra 15 the
lack of time resolution The

ertical notches indicate the
interterence wave pattern without possibility to identify
the mdividual reflectors The DFT spectra have at first look
the resolution comparable with 1SA spectra However,
a careful analysis confirms the presence of false indicanons
at low frequencies, the loss of frequency resolution and
lateral stretching of frequency bands
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Fig. 9. A comparison of ISA spectra with FFT spectra ob-
tained for 200 ms window (after Castagna et al
2003)

Rys. 9. Porownanie widm ISA z widmami FFT okreslonymi
w oknie 200 ms (wg Castagna et al. 2003)
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Fig. 10. A comparison of ISA spectra with DFT spectra (after
Castagna et al. 2003)
Rvs. 10. Poréwnanic widm ISA z widmami DFT (wg Cast-
) agna et al. 2003)
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One of the important applications of ISA to seismic
data processing is & creation of the so-called common :re-
quency section. Fig. 11 explains how. the common fre-
quency section is created using synthetic data. Fach trace
is decomposed using ISA giving ﬁm&fm@q g.atlher.
From the time-frequency gathers corresponding individu-
al section traces with CDP index the established frequency
is selected. The graph of the ISA spectrum for the estab-
lished frequency treated as a function of the time creates
the constituent trace of common frequency section. The
sections of this type are used to identify the hydrocarbon

indicators like low frequency shadows of the gas deposits
(Castagna etal. 2003).

Fig. 11, An idea of the common frequency section creation:
the result of 1SA dmmp«lﬂ::c:[ asingle section
trace (on the left) with a yellaw line denoting select-
ed [requency and its position on the common frequen-
cy section (on the right) (after Castagna et al. 2003)

Fig, 11, Idea generowania sekeji wapdlnej (stalej) czgstotlj-
wosci: wynik dekompozycji 1SA pojedynezej trasy
sekeji (po lewej) 2 Zaznaczony ity linig wybranej
czgstotliwosei | jej polozenie na sekeji wipblnej czg-
stotliwosci (po Prawej) (wg Castagna et al, 2003)

ent noise. The filtering with the help of Wavelet trynq
does not change the frequency content of (e ansfory,
record contrary to the frequency filtering serigy)y
ing the frequency band of the record from the !\'i;.i
frequencies. Any other additional, linear noise js 1n
like in the case of application of F-K fijye,

One of the application of wavelet transform
amethod for computing instantancous polarizatiop 11\
tributes of multicomponent signals using the cannnun‘m
wavelet transform (Diallo 2006). The ney .':ppilcunuﬁ
most popular for several years 1s related (o spectral demm_‘
position (Peyton et al. 1998, Partyka et g, 1999, 7},
al. 2006)
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3.Singular Value Decomposition and Karhunen-
Loeve Transform

Singular Value Decomposition (SVD) is used 1o de-
compose the matrix into its eigenvectors and cigenvalues,
SVD was frequently applied to seismic data processing
(Ursin & Zheng 1985; Freire & Ulrych 1988; Stork 1992,
b; Michelena 1993, Kasina 1984), mainly i solving inverse
problems. One of the special application of SVD is Kar-
hunen-Loeve transform used to attenuate the coherent and
random noise (Tones & Levy 1987. Al-Yahya 1991, Bitri
& Grandjean 2004, Kritski et al. 2007).

Singular Value Decomposition of the symetric n n
matrix A has the form:

A=OAUOT (1

where:

U~ matrix with columns identical with eigenvectors
of matrix A

Ui transposition of matrix 7

A - diagonal matrix with diagonal elements 1denti-
cal with eigenvalues of matrix A

Eigenvalues of matrix A are the scalars A for which
the equation:

Ax =%

has nonzero solutions ¥ called cigenvectors of matrix A

THE DIRECTIONS OF CURRENT APPLIC

K-L transform of the seismic record has the form:

win= ".__I aXx(j=1,..n (12)
where x (1) is the input seismic traces, a 15 the transform
cocflicients. The above relation may be written in the ma-
trix form:

Y=AX (13)
The inverse K-L transform has the form.
xif)= Ii_'-[ byt i=l..mm=<n (14)
or in the matrix form:
X=BW (15)

To find the coefficients of matrix 4 and B we must
realize the spectral decomposition of covariance matrix

(‘. i “‘- ‘\‘.J

In the decomposition we are looking for matrix R
and A from the matrix equation:

C=XXT=RAR

where R is the eigenvector matrix of covariance matrix,
Ais the eigenvalue matrix of covariance matrix. The rows
of matrix 4 are the normalized eigenvectors of covariance
matrix and matrix £ is identical with matrix 4 (Jones &
Levy 1987). The K-L filtering relies on a modification of
matrix A by means of its eigenvalues selection. Matrix £
obtained this way is used to the reconstruction described
in the relation (15).

The K-L transform was mainly used to solve two
problems of seismic data processing;

~ the separation of signal from incoherent and dip-
ping coherent noise in stacked seismic data,

= the suppression of multiples in common-depth-
-point (CDP) gathers

To remove noise by means of K-L filter we can use
the process named Eigenvector Filter in the seismic
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processing system ProMAX. The parameter window of the
Eigenvector Filter process is illustrated in Fig. 12

l_ __ Elgmeesctor rilter
[rhos Gutput Elgen-[Iltarad Zoom |
iy - : L] |
ban il signall
i You
Ean 3] _migual
Haa
iz0
6
18
"o

Fig. 12. The parameter window of the Eigenvector Filter pro-
cess in the ProMAX® system

Rys. 12, Okno parametrow procesu Eigenvector Filter w sy-
stemie ProMAX®

Beside the time gates parameters the most essential param-

eler 1s the range of eigenvalues included from the first to

the last eigenvalue (start/end percent of e igenimage range)

expressed in percentage. The eigenvalues are ordered from
the maximum to minimum ¢igenvalue. For example. the
range () - 10% means the range of eigenvalues defined from
the first eigenvalue to the value defined by 10% of all the
eigenvalues. The range 85% — 100% means that we include
in the filtering only the last 15% of the least eigenvalues.
Before the process of filtering we introduce the kinematic
corrections (NMO). The example of the records after NMO
corrections and before or after K-L filtering for two ranges
of the cigenvalues is illustrated in Figs. 13 and 14. After
NMO corrections the residual moveouts of multiples are
visible at times greater then 600 ms. The analysis of the
record in Fig. 13 confirms that the application of K-L filter-
ing in the eigenvalue range 0 — 10% essentially improved
the coherent signal to random noise ratio. An application of
the second range of eigenvalues 85 — 100% including the
least eigenvalues retained only random noise after the re-
construction process (Fig. 14).
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Fig. 13. The selsmic record with kinematic corrections (NMO) applied before K-L filtering (on the left) and after K-L filtering
with eigenvalues preserved in the range 0 — 10%

Rys. 13. Rekord sejsmiczny po wprowadzeniu poprawek kinematycznych (NMO) przed filtracjy K-L (po lewej) i po filtracji K-L
z zachowanymi wartosciami wlasnymi z zakresu 0 - 10%

Time (m3)

Time (ms)

Fig. 14. The seismic record with kinemat

ie corrections (N . ring
with eigenvalues preserved in the range 85 C_'ﬂliulé;:/l:“)] applied before K-L filtering (on the left) and after K-L filtering

Rys. 14, Rekord sejsmiczny P wprowa
z zachowanymi wartodciami

dzeniu poprawek kinematyen

wlasnymi z zakresu 85 — 100% veh (NMO) preed filtracjy K-L (po lewej) i po filtracji K
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4. Curvelet Transform

The curvelet transform is a multiscale pyramid with
many directions and positions at each length scale, and
needle-shaped elements at fine seales called curveles. Cur-
velets have useful geometric features which make them
essentialy different from wavelets. Curvelets obey a para-

bolic scaling relation which says that at scale 2/, each ele-

ment has an envelope which is aligned along a “ridge” of
length 27 and width 2 (Cand’es et al. 2006)

In the frequency domain curveler at scale 15 a wedge
whose frequency support i1s agam inside a rectangle, but of
size 2/ by 2% Unlike wavelets, curvelets are localized not
only in position (the spatial domain) and scale (the fre-
quency domain), but also in orientation

Curvelets may be used to solve many problems
(Cand’es et al. 2006) providing the tools for optimally
sparse representation of objects with edges, optimally
sparse representation of wave propagators. Curvelets may
also be a very significant tool for the analysis and the com-
putation of partial differential equations and for solving
reconstruction problems with missing data (for example to
reconstruct an object from noisy and incomplete tomo-
graphic data)

To define the curvelets we start with a paiwr of win-
dows W(r) and V (t). which are called the “radial window™
and “angular window™” respectively. These are both smooth,
nonnegative and real-valued, with W taking positive real
arguments and V taking real arguments. The arguments of
W(r) an V(1) satisfy the conditions (Cand’es et al. 2006)

re (12,2 1e [-1, 1]
The window functions fulfil the conditions:
X W2r)=1, re (3/4,372)

LPe=-N=1, te (=172, 1/2)

Now for each j = 0 we introduce a frequency w indow

Uj defined in Fourter domain (Cand es et al. 2006)
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Wt
Ulr. =2 Wi2 b {‘__ I (163

where [}72] 1s the integer part of /2. The support of Uj 1s

a polar “wedge” defined by th of Wand V, the

radial and angular windows, applied with scale-dependent

window widths in each direction. To obtamn re:

cury L‘!L'[!\, we work wit e symmetnzed version o

Now we define the waveform ¢ fx/ by means of its

Founer transtorm
Flopix)l=plw)=U (o)

We ¢an treat the waveform ¢ (x) as , mother curvelet
in the sense that all curvelets at scale 27 are obtained by
rotations and translations of ¢ . If we introduce now two
sequences

— the sequence of rotation angles:
8=2x2"3 where I=0,1,.. #<H<lx
the sequence of translation parameters

k=k.k)e Z°

We can define curveless (as function of X = (x,, 1))

at sca-le 2, orientation & and position

by the relation (Cand'es et al. 2006)

,..|'L\1-L'1R_|\-\_ ) (17)

where R, is the rotation by angle & (in radians), and R, is
its inverse 1dentical with its transpose

I cos# sinf! l

sinf? cost!
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I N nil 18 i m Curvelet hllllg ol space and (r “quene
W '!' iele 9 l’L‘ﬁl'lcd by the integrs I A} Wi i
Ao el o J ’fl-‘ il A ‘

(Cand'es et al, 2006):

transform are presented in Fig. 15

(18)

(kD = LS00 80 (6K

b

Fig. 15. Curvelet tiling of space and frequency in the curvelet transform called second dyadic decomposition (SDD): (a) the 1.
ing of the frequency plane, (b) the spatial Cartesian grid associated with a given seale and orientation (after Cand'es ¢t
| al. 2006)
Rys. 15, Podzial preestrzeni i crgstotliwosed w transformacji kreywkowe] awany second dyadic decomposition (SDD): (a) podzinl phasz-
cavany cagstotliwodel, b) kartezjadska sintka przestreenna zwigzana z dang skaly i orientaciy (wg Candes et al. 2006)

The algorithms for 3D discrete curvelet transforms Examples of curvelets mn space and frequency do-

are similar to their 2D analogs. We first decompose the main are presented in Fig. 17, In the spatial domain, cur-
object into dyadic annuli based on concentric cubes. Each velets are smooth along and oscillatory across the ridge
annulus is subdivided mnto trapezoidal regions satistying sharp (Fig. 17a), while in the frequency domain their lo-
the usual frequency parabolic scaling (one long and two calization is sharp (Fig. 17b).

short directions) (Fig. 16).

Fig, 16, The dyadic-parabolic frequency tiling in

Rys. 16, Podzial diadyczno-paraboli ity capethit 3D Diserete Curvelet Transform (after Ying et nl, 2004)

wosel w Dyskretnej Transformacji Krzywkowej 3D (wg Ying et al. 2004
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Fig. 17 Curvelets at increasingly fine seales: (1) panels representing curvelets (real part) in the spatial domain (as functions of
the spatial variable x), (b) pancls showing the modulus of the Fourier transform (as functions of the frequency variable)
(alter Cand’es et al, 2006)

Rys, 17, Curvelers din wybranyeh rosngeyeh skal: a) panele reprezentujgee curvelets (cagdt rzeczywisty) w domenie prrestrzeni

(ke funkeje zmiennef przestezenne x), b) panele z modulem transformacji Fouriera (jako funkeje zmicane]j cogstotli-

wosclowe]) (wg Candes ot al. 2006)
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Jution in the frequency domam (fig. 104d) 1 Spite of vis

A companson of wavelet and curvelet at the finest n (
ible aliasing (low part of Fig 18d)

scale is presented in Fig. 18, Even undersampled in the
space domain a curvelet (Fig. 18¢) shows very good reso-

wopldeg SO _ 1
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|
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Fig. 18. Wavelets and curvelets at the finest scale. Meyer wavelet i p 2
(€) and frequency (d) (after Cand'es et al. 1056) e
Rys. 18. Fale clementarne i curvelets dla najsubtelnicjsze] skali: fala elementarna Meyera w domenie przestrzeni (n) i czgstotli-

wodcl (b), zbvt rzad
1000 (b), zbyt rzadko spribkowana fala elementarna w domenie przestrzeni (c) i czgstotliwosei (d) (wg Cand es et al.

One of the curvelet e !
transform application is image seismic record is illustrated in Fig, 19 The results are con-

denoising. The example of this applics 3
ple of this application in the case of pared with the effects of the wavelet transform
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Fig. 19. Image denoising using curvelets: (a) Original image of the seismic record (zoom), (b) Noisy image (Gaussian white noise),
(¢) Denoised image using eurvelets, (d) Denoised image using wavelets (after Cand es et al. 2006)

Rys. 19. Usuwanie szumu 7 obrazu 2 zastosowaniem curvelets: (a) oryginalny obraz rekordu sejsmicznego (powigkszenie),
(h) obraz z natotonym szumem (bialy szum gaussowski), (c) obraz po usunigciu szumu z zastosowaniem curvelers,
(d) obraz po usunigeiu seumu 2 zastosowaniem wavelers (wg Cand’es et al. 2006)
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The parabolic scaling used in the curvelet transform

is very helpful in better resolving the edgelike cqmponcms
of the images (Cand es, Guo 2001). We can achieve better
accuracy in the vicinity of edges while using many fewer
terms in.a.n approximation comparnng with other tcchq:qucs
(for instance with wavelet transform). The essence of imag-
ing the objects with edges using the curvelet transform 1s
illustrated in Fig. 20. In the figure three kinds of curvelets
are showed:

— curvelets of type A, whose essential support does
not overlap with the discontinuity,

— curvelets of type B, whose essential support over-
lap with the discontinuity but are not tangent to the singu-
lanty,

— curvelets of type C, which overlap with the singu-
larity and are nearly tangent to the singularity.

edge fragment

scale 2”8

Y8 ™ coemcient~0

Fig. 20. Schematic decomposition of a subband, The top fig-
ures represents an object with an edge and that same
object after applying 2 bandpass. The bottom picture
represents a bandpassed edge fragment together
with the three types of curvelets described in the text
(after Cand’es 2002)

Rys. 20, Schematyczna dekompozycja obiektu 7 kraw
Gérne figury reprezentujy obickt z kraw;dn::f:z
fen sam obiekt po zastosowaniu filtry pasmowego,

Dolny obraz reprezentuje fragmeny Krawed s
filtracji pasmowej z trzema typami curvefer upkn"
nymi w tekScie (wg Cand'es 2002) >

The main feature of curvelets type A whych are lo-

cated near the edge curve is rapid decay of their coefficients
as the distance between the edge curve and the center of
the curvelets increases. Generally, curvelet coefficienis
decay as the angle between their orientation and thay of the
edge increases. The comparison of the IMage reconstrye.
tions using the curvelet and wavelet transforms is pregen;.
ed m Fig. 21

Fig. 21. A comparison of the image reconstruction using:
(a) wavelet transform, (b) curvelet transform (after
Cand’es & Guo 2001)

Rys. 21. Poréwnanie wynikéw rekonstrukeji obrazu z zasto-
sowaniem: (a) transformacji falkowej, (b) transfor-
macji krzywkowej (wg Cand’es | Guo 2001)

The curvelet transform has been recognized as a very
effective tool of seismic data processing. The main applica-
tions are related to:

~ the reconstruction of seismic wave fields using
regularly sampled data with many traces missed (Hennen-
fent & Herrmann 2008),

~ the separation of primaries and multiples (Her-
rmann et al. 2007, Herrmann et al. 2008a, b),

— the restoring migration amplitude by amplitude
scaling of wave fields with spatially varying and dip-de-
pendent amplitude deterioration (Herrmann et al. 20083,
Chauris & Nguyen 2008),

~ the improving the signal to noise ratio in the
of random noise and strong coherent linear dipping 1o
(Neelamani et al. 2008).

cise

1se

THE DIRECTIONS OF CURRENT APPLIC

In the process of seismic data Processing we can treat
the curvelet transform as mathematical transform that rep-
resents an m-dimensional signal Dix, ) using linear, weight-
ed combination of curvelet functions Cfx,) (Neelamani et
al. 2008):

DXy e £ )= EN > Clx,ix,) (19)
where weights / are referred to as the curvelet coefficients
of data D). The curvelet transform s linear. Therefore, each
curvelet coefficient of noisy data 1s the sum of the corre-
sponding curvelet coefficient of the signal and the noise

In 2D (m = 2) each curvelet function resembles
a small piece of a band-limited seismic reflector. Each cur-
velet function is oscillatory in one direction, but varies
more smoothly in the orthogonal direction. The oscillations
in different curvelet functions occupy different frequency
bands. Each curvelet function is spatially localized because
its amplitude rapidly decays to zero outside a cerain re-
gion. Summarizing we can state that each 2D curvelet func-
tion has a characteristie dip, frequency (thickness), and
location. In 2D the region that essentially localizes a curve-
let function resembles an onented needle In 3D a curvelet
function resembles an oriented disc and it has characterns-
tic dip, azimuth, frequency (thickness), and location. The
1dea of using the curvelet transform for denoising 1s based
on the fact that the signal and noise map into different sets
of coefficients after curvelet transformation. Removing the
noise is achieved by selective attenuation (multiplication
by small scalar) the curvelet coeflicients of the noise before
reconstruction (mm), The same technique may be 1s used
1o improve not only seismic images (Fig. 21)

ATIONS OF TRANSFORMS 10 SEISMIC DATA PROCESSING 7
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Streszezenie

W pracy przedstawiono Kierunki najnowszych za-
stosowan transformat matematycznych w preetwarzamu
tanalizie danych sejsmicznych. W analizie uwzgledniono
trans formacjg Gabora, transformacje Karhuncna-Loe\.'cgo
(K-L Transfarm), transformacye falkowa ( Wavelet Trans-

Sorm) oraz transformacye krzywkowa (Crveler Transform),

Przedstawiono podstawy teoretyczne tych transformaciji
oraz ich glowne zastosowania zwiazane z usuwaniem za-
klocen koherentnych i preypadkowych w procesie prze-
twarzanin danych sejsmicznych. Opisano takze zastoso-
wania zwigzane z analiza sekeji sejsmicznych oparty na
chwilowey analizie spektralnej (/S4) oraz zastosowania
zwiazane z analiza obrazow. Przedstawiono poréwnanie
wynikow rozmych typow dekompozycji spektralne) na wy-

branych danych modelowych i polowych Analizujac za-
stosowama transformacji falkowej w przetwarzaniu danych
sejsmicznych szczegolng uwage zwricono na procedure
kanstruowania sekcji wspdlnej czestotliwoici, wykarzy-
stywane) do analizy cienkich warstw oraz definiowania
bezposrednich wskaznikow weglowodorow. Opisano tak-
ze rolg transformacii falkowej w thumieniu fali poowierzch-
niowej. Analizujac zastosowania transformacyi K-L opi-
sano jej role w poprawianiu stosunku sygnaléw kohe-
rentnych do szumu przypadkowego oraz w thumieniu
reflekséw wielokrotnych. W przypadku transformacji
krzywkowej uwypuklono jej role w rekonstrukcji pél fa-
lowych nieregulamnie sprobkowanych, poprawianiu sto-
sunku sygnatow koherentnych do szumu przypadkowego,
separacji fal jednokrotnych i wielokrotnyeh, poprawiania
rozdzielezosci bitmap.
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Key words:
SAR interferometry, SAR imagery, digital processing, terrain deformation, mining

1. Abstract

In this paper the SAR inteferometric techniques and their applications to Earth’s surface deformations are presented.
The practical use of satellite SAR (Synthetic Aperture Radar), is discussed based on examples from Poland, where these
methods have been applied for the measurement of terrain deformations. The papier is focused on the studies of the natural
carth surface displacements in Poland performed within GEO-IN-SAR project, The issues related to newest high resolution
SAR systems are discussed with TerraSAR-X data. Due to short data archiving histoty those data are not sutable for natural
surface movement detection, However, the performance of TerraSAR-X data against Envisat are discussed. The preliminary
PSInSAR processing in presented studies did not allow to clearly detect any recent tectonic movement. However, the , blind™
experiments over relatively small areas proved high reliability of PSInSAR results.

POMIARY DEFORMACII POWIERZCHNI ZIEMI PRZY UZYCIU SATELITARNEJ INTERFEROMETRI!
RADAROWE]. METODY I NAJINOWSZE OSIAGNIECIA

Slowa kluczowe:
Inreferometria SAR, zobrazowania SAR, przetwarzanie cyfrowe, deformacie terenu, gorictwo
Abstrakt

Artykut prezentuje metodyke satelitame] interferometrii radarowe) (InNSAR) 1 jej zastosowania do pomiaréw deformacii
powicrzchni Ziemi. W oparciu o przyklady zastosowan z terenu Polski przedstawiono wykorzystanie satelitarych zobrazowan
SAR (radar obrazowy z apertury syntetyezng), Artykul przedstawia przede wszystkim wykorzystanie technik InSAR do bada-
nia deformaci powierzehni terenu o przyczynach naturalnych bedacych przedmiotem studiow w ramach projekiu GEO-IN-ISAR
Oméwiono rdwniez dane wysokorozdzielcze z sensora TerraSAR-X. Z powodu krotkiego okresu obserwacji, dane te nie na-
dajq si¢ jeszeze do badania deformacji naturalnych. Przeprowadzono jednak stadium poréwnaweze danych TerrSAR-X
2 danymi z satelity ENVISAT. Przeprowadzone dotychezas badania nie pozwolily na wykrycie deformaci terenu w sposéb
Jednoznaczny. Przeprowadzone testy na niewielkich obszarach wykazaly ich ogromny potencial.

e 5 . ) s ?
! Dey nt of Fund | Geology, Faculty of Earth Sciences University of Silesia, Sosnowiec, Poland.
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2. Introduction

SAR interferometry (InSAR) is a remote scnsfﬂg
technique that makes use of the (SAR) phase information
by subtracting the phase value of one image (usually called
master) from that of the other (usually referred to as a slave
image), for the same point on the ground. This technigue,
briefly described in this paper, has been used in many .ftuc-
cesful applications related to earth-surface deformation.
The paper is focused on the studies of natural carlhsurfscc
displacements in Poland which were performed within
GEO-IN-SAR project. _

The measurements of natural terrain deformations
are from technical viewpoint very difficult, ime consuming
and expensive. Moreover, for reliable results the measure-
ments must be done repeatedly over many years. Due to that
fact and due to a small practical importance such measure-
ments are performed rarely. InSAR is one of the most ad-
vanced techniques for the measurements of subtle, very slow
movements which are usually announcing the seismic risk.

Natural recent surface movements had not yet been
studied with InSAR 1n Poland before. Similar works abroad
were focused on relatively high rate displacements like e.
g. rifting activity in Iceland (Jonsson 2002) o the develop-
ment of the anticline in Taiwan (Fruneau et al 2001). In
Europe, the most of InSAR deformation studies were fo-
cused on anthropogenic (technogenic) phenomena (c.g.
Perski, Jura 1999). Few works were done on landslides
or natural subsidence (e.g. Colesanti, Wasowski, 2006,
(Strozzi et al., 2003),

3. SAR imagery

SAR, also known as coherent radar, overcomes the
limitation of the antenna size typical of real-aperture radars
by synthesizing an antenna which receives a series of re-
fiected waves and electronically combines them with refer-
ence wavelengths. The resolution of an SAR effectively
remains the same over all ranges (Gens and Logan 2003),
'SARlcchmlogybemm:wy popular in the past decade,
it pmwded, for example, terrain structural information for
mineral exploration, oil spill boundaries on water, sea state
and ice hazard maps, and reconnaissance and targeting

information for military operations. There are 35, Many
other operational or potential applications. For penery ’"“l;'
ping purposes, SAR imagery is very interesting becayse it
can produce high-quality images independent of cloud ¢qy,.
er and solar illumination. A typical geological Image inter
pretation in the case of radar is based on backscaner images,
where variation of radar look angle and wavelengths ¢ap
have a substantial effect (Henderson and Lewis 1998}, The
interpretation capabilities in the case of radar could be
extended by the application of color composition images

constructed in the following ways (Perski, 2005):

(1) Multi-frequency: constructed from images acquired at
different frequencies/bands. The application of sych
data is usually limited to multi-frequency sensors such
as SIR (shurtle imaging radar) or airborne missions, how-
ever it is possible to construct such images in *muyly-
platform mode” using data from different satellites, cg
SAR images acquired by ERS-1 and JERS-1 satellites:

(2) Multi-temporal: compositions developed from data
from the same sensor but acquired at different times.
Colors are used to represent changes in backscatter over
time between acquisitions;

(3) Multi-polanzation: composed images acquired simul-
taneously by the same SAR system but with different
transmitter/receiver polarization configurations, ¢.g.
HMH, VIV, H/V.

For the last 10 years SAR technology has been de-
veloping very fast. Now there are available multi-polarisa-
tion space borne systems of different wavelengts and spa-
tial resolution: mid-resolution C-band ERS-2/Envisat.
Radarsat-1, L-band ALOS-PALSAR, high-resolution
X-band TerraSAR-X, constellation of COSMO-SkyMed
satellites. In the following years first high-resolution
C-band SENTINEL satellite will be lauched.

4. InSAR and PSInSAR methods

SAR Interferometry (InSAR) is a technique for €%
tracting information related to the topography of the Earth's
surface (Goldstein et al., 1988). It uses the phase difference
between the radar echoes from repeated SAR (Synthetic
Aperture Radar) observations of the same area. The ":'?u“
of this operation is known as an interferograms, presenting

EARTH'S SURF,

relative phase differences “wrapped® within 211 radians
(Fig. 1). By applying phasc unwrapping technigues (Ghiglia
and Pnitt, 1998) it is possible to reconstruct a full unam-
biguous signal. First interferometric studies, focused on
topography retrnieval. demonstrated the applicability of In-
SAR to digital elevation model generation (Ferretty et al
1997). Differential InSAR (D-InSAR) represents a branch
of InSAR that exploits the temporal baseline between con-
sequent SAR acquisitions to denve phase differences which
correspond with terrain displacements. D-InSAR has al-
ready been successfully used in different applications: the
monitoring of volcanic acuvity. earthquakes, glacier dy-
namics, landslides and urban subsidence. In many cases
D-InSAR has demonstrated its capability in measuring
surface movements of the order of centimeters. A good
overview of DInSAR technique and its applications was
given by (Bamler and Hartl, 1998; Massonnet and Feigl,
1998; Rosen et al_, 2000 and Hanssen, 2001).

Fig. 1. SAR interferogram generated from Envisat ASAR
images that depicts terrain deformation resulted from
devastating earthquake in Bam city (Iran). The full
colour eyele represents ~3 cm of LoS (Line of Sight)
deformation. For the purposes of 3D presentation the
interferogram was wrapped over SRTM-3 DEM data
of the area. (Perski, Hanssen 2005)

Rys. L. Interferogram SAR wygenerowany w oparciu o dane
ASAR z satelity ENVISAT przedstawiajgcy deforma-
cje terenu powstale w wyniku niszezycielskiego treg-
sienin Ziemi w rejonie miasta Bam (Iran). Pelny cykl
barwnych prazkow interferomeryeznych reprezentu-
jeok.3 centymetrows zminng wysokosci w kiervunku
do/od satelity. Dla potrzeb prezentacji interferogram
preedstawiono w widoku trowymiarowym na modelu
terenu SRTM-3, (Perski, Hanssen 2005)
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The main problem associated with D-InSAR is
the so-called temporal decorrelation, due to changes in the
clectromagnetic properties and/or relative positions of scat-
terers within a resolution cell. Moreaver, D-InSAR is very
sensiive o atmospheric signal delay. The variable water
vapor distribution related to the turbulent character of the
atmosphere creates an interferometric phase contribution
(Hanssen et al., 2006). For singular interferograms, this
atmospheric phase screen (APS) is impossible to remove
and therefore the accuracy of measuring small deformatians
15 significantly reduced. Due to those properties the opera-
tional use of D-InSAR s limited to ) short temporal base-
lines, b) phenomena with strong deformation gradient in
respect to radar wavelength within the acquisitions.
¢) areas with limited vegetation, and d) advantageous weath-
er conditions during master and slave acquisitions. Subject
to these limitations, many successful studies were performed
regarding subsidence due to underground mining (Perski
and Jura, 1999; Wright and Stow, 1999). Fewer studies fo-
cused on landshides due to slow movement i the presence
of vegetation (Colesanti et al., 2003; Hilley et al, 2004).

To bypass the limitations mentioned ebove point wise
InSAR techniques have been developed since 2000, sez e g
(Ferretti et al., 2001). The imitial method developed by POLI-
MI (Politechnico Milano Team) used radar point targets as
‘natural’ comer reflectors. The phase of such targets (labeled
Persistent Scatterers, or PS) is not sensitive to small incidence
angle vanations and temporal decorrelation. The time series
of interferometne phase 1s decomposed mto (lmear) deforma-
tion, topography (relative height) and APS. Such operation can
only be performed for scatterers with coherent phase behavior
over ime. The exploration of all avalable SAR mages (typ-
cally more than 20 acquisiuons) by coregistering and resam-
pling them to the same master 15 fundamental m these pomnt
wise methods, Then the interferograms between all slave im-
ages and the master are computed. An overview of PSI ap-
plications for landslide studies was given by (Colesanti and
Wasowski, 2006). Other techniques, such as the Small Baseime
Subset technique (SBAS) (Berardino et al., 2002) utilize sev-
cral master images 10 construct an optimal set of interferograms
with the smallest temporal and perpendicular baselines. The
crucial element in the point wise analysis is the identification
of potentially coherent points (Fig. 2). The first selection might
be based on amplitude dispersion as in the onginal PST algo-
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rithm (Ferretti et al.. 2001) or coherence as in the case of SBAS
or StaMPS (Hooper et al, 2004). Redundant observations are
consecutively used to estimate the APS and the (linear) defor-
mation, This estimation is based on the propertics of the spe-
cific signals: APS is strongly correlated in space but not in time,
whereas deformation is usually strongly correlated in time
{Colesant: et al., 2003).

Fig. 2, PSInSAR method. PSC network construction and arc
rejection (blue). The reference point is marked as
a green triangle. Wroclaw area (Perski, Mrbz 2008),

Rys. 2. Metoda PSInSAR. Utworzona sieé PSC oraz wyelimi-
nowane po wyréwnaniu segmenty (niehieskie). Polze-
nie punktu referencyjnego oznaczono zielonym troj-
katem. Obszar Wroclawia (Perski, Mroz 2008),

It should be noted that all the InSAR measurements
are completed along Line of Sight (LoS) direction. To prop-
erly decompose that measurement into horizontal and ver-
tical deformation the measurements taken from other direc-
tions are required and/or the measurements taken by other
techniques. Unfortunately within this study the data
acquired from a single direction were available, In case of
mining subsidence, where we assumed mainly vertical de-
formation, the vertical component from InSAR data was
derived. For the landslides since no ground truth data were
available the only LoS deformation 15 considered.

Inthe case of PSINSAR method the most serious doubty
are associated with the proper phase unwrappi

i ng. The maim
problems are associated here with low density

networks and

long arcs. For non-linear deformations the p;ﬂqw,jm,mpw
tion may give wrong results where the deformation signal iy
be mixed with the atmospheric component Therefore. the

results must be very carefully analyzed

5. PSInSAR studies with ERS=1/2 datg

Thanks to huge data archive containing obseryy.
tivons since mid 1991 the ERS—1/2 of European Space
Agency is the best suitable system for PS Interferometry
ERS-1/2 SAR data have been used in GEO-[n-SAR project,
whose main idea was to use the newest ;tchw\'cnwnﬁ in
a field of SAR interferometry to measure recently occurnng
earth surface movements. Three study areas were selecteq
where the evidence of vertical movements had been aly cady
archived (Fig. 3) The first site includes Sambia pcninsui;;
and Warmia area which were affected by the strong earth-
quake in September 2004. The second site 1s located in
Lower Silesia where the system of recently active faulis
has been mapped. The third region is located in Podhale
and the Tatra Mounatins, which is dominated by young
alpine tectonics associated with geothermal springs and
frequent carthquakes,

Fig. 3. Areas of interest of the GEO-In-SAR project. Yellow
and red squares shows the extent of prncl‘»\i‘(l
ERS-1/2 SAR frames,

Rys. 3, Obszary badaweze projektu GEO-In-SAR. Zalte | crer-
Wwone czworohoki poknzujy zasiiggi uzytyeg scen s
telitarnych ERS-1/2 SAR
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5.1. Natural surface movements — Paczkow area

The interferometnic processing for the study area
was performed based on 67 ERS-1/2 SAR Images covering
almost 8-year period from 04 April 1992 1o || January
2001, The data acquired from the descending satellite track
(Fig. 3) were used. For PSInSAR processing the TUDelit
implementation (Leyen etal. 2005) ol onginal Persistent Scat-
teres algonthm was applied For D-InSAR part of the process-
ing the Dellt Object Onented Interferometric Software
(DORIS) was used (Kampes at al 2003). The final analysis of
the PSInSAR results requires GIS environment, which allows
putting all interferometnic results and external data into one
common reference system. For this purpose open-source
GRASS (Geographic Resources Analysis Suppont System)
was applied (Grass Development Team 2006),

Due to very sparse urbanisation and the presence of
agriculture and large areas occupied by water the problem
of coregistering of the SAR images occurred. The problem
was solved by the application of the coregistration with op-
timization of window distnibution based on amplitude and
optimization of the computation of coregistration palyno-
mial. Also 64 interferograms were used as the input for
PSInSAR processing. The results show the appearance of
the clusters of PS points associated with the following towns
Nysa, Paczkow and surrounding villages. The connection
between those two main clusters is made through sparse PS
poimnts located around water reservoirs and on dams. As in
the case of Wroclaw area the linear model was apphed for
PSINSAR processing. The obtained linear velocities are
ranged between -5 and +5 mm/year for the majority of
highly coherent points (Fig. 4). The most interesting feature
is the cluster of PS points located within the town Nysa

Nysa, with 47 thousands of inhabitants occupies the area of

27 km2 which allows to obtain high PS density (> 100 PS/
km2) with the/a reference point located in the north-western
part of the eity. The densely urbanised centre of the town
shows relative upward deformation of $ mm/year. Accord-
ingly, the most of the surroundings of Nysa Lake and the
town of Paczkow reveal subsidence of some of 2 mm/year
Those areas might be considered as “stable”. The relative
uplift of Nysa is very consistent and showing zones of grad-
ual decrease of deformation towards the limits of the urban-
ised arca. The high consistency of the first results convinced
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us 1o process the slightly larger crop of the same dataset The
obtained results of that second PSInSAR processing shows
the same pattern. As it was described 1n section two the
upward movement of Nysa had already been reported by
{Cacon etal , 2005) and ( Kowalezyk, 2006) based on level-
ling and gravity data. However the ongin of that deformation
1s not clear. The most probable explanation is the ground-

water level nise due to changes in industrial technology and
cconomy of the region. The role of active faults mapped in
that area is still not confirmed

Fig. 4. The PSInSAR results of Paczkow area. The relative
velocities are varying between =510 5 mm/yr. The erop
size is approx 58 » 17,5 km

Rys. 4. Wyniki przetwarzania danych metody PSInSAR dla
obszaru Paczkowa. Obliczone wzgledne predkodci
deformacji wachajy si¢ pomigdzy -5 do 5 mm/rok.
Rozmiary obszaru ok, 58 « 17.5 km

5.2. Landslides and mining subsidence in Wie-
liczka

More than 2000 underground chambers have been
excavated in the Wieliczka salt mine within the last 700
years. The slow convergence of theses cavities has imduced
several meters of subsidence. Apart from slow conver-
gence, the mine suffers from catastrophic events such as
collapse and water inflow, causing sinkholes and rapidly
developing localized subsidence (e.g. up to 1.5 m dunng
6 months in 1992), Additional geohazards in the Wieliczka
region are landshides, as 1t is located at the edge of the
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Carpathian Mountains. Up to now, no clear relation be-
tween mining subsidence and the riggenng of landshde
movement has been found.

(Wajcik and Mrozek, 2002) found five large Ignd-

slides to the south of Wicliczka in the region of Lednica,
Grabowki and Choragwica hamlets (Fig. 5). Here, large
fragments of slopes are occupied by landslides covering
the total area of 2 km®. The landslide zone begins with
23 m high niches close to Choragwica hill. The activity l..‘f
the landslides manifests in various parts of the colluvia
causing damages to buildings and infrastructure. In the
vicinity of Siercza and Grabowki landslides have damaged
the roads in 3 places. According to Varnes (1978) the de-
scribed landshdes could be classified as the compound
landslides type. The upper parts of these landslides are
permanently active and because of that a section of the road
surface has been subsiding by 5 cm. Landslide velocities
are varying from a few mm/y to 20 cm/year. The lower
parts of landslides are most active. Slide surfaces (shear
surfaces) occur commonly at depths of 3-4.5 m, which was
confirmed by observations in tectonic windows.

In the PSI processing 51 interferograms WETE s
After obtaining the first results the processing was repeat.
ed with a modified setup to ensure that the referenc, pomnt
to which all the observations are referred to way not Jo.
cated within an arca likely to be affected by deformaigy,
For the extraction of subsidence signals from SAR ohser.
vations various models may be used (Leijen and Hanssen,
2007). However the application of a specific mode shoulg
be tuned to a priori knowledge about the subsidence de-
velopment in space and time. As terrestrial geodetie Meas-
urements since the 1980s proved that the deformation i«
steady-state (Kortas, 2007). a constant velocity mode] was
applied. To improve the scparation of that part of the inter.
ferometric signal related to topography the interferograms
were regenerated and subtraction of topography with an
external DEM was performed. As external DEM (Digital
Elevation Model) the one-arcsecond DTED ( Digital Terrmn
Elevation Data) of level-2 (Detbncc-Mapp:ng-Agcnc}-.
1986) was used. The requirement of topography removal
comes from the fact that Wieliczka is located in the Car-
pathians, i a hilly terrain of 200 m topography (Fig, 5).

LT

Fig. 5. Map of PS points in the Wieliczks region. The PS used ag the refernce

on for selected PS
i Punkt S wykorzystany

€t al 2009). Plots present the history of deformati
Rys. 5. Mapa punktéw PS dly obszaru Wieliczk
towanego fragmentu. (Perski et ] 2009), W

point is located outside the presented crop, (Perski

prezens

Jako referencyjny 2 jduje si¢ poza zasicpi

- Wykresy przedstawiajy historie deformacji dla wybranych punktow obszary.

EARTH'S SURFACE DEFORMATION MEASUREMENTS WITH SAR INTERFEROMETRY 85

A large number (30.000) of PS points is detected
within the study arcaof 18 # 18 km (average density of 92
PS/km?). Within the mine concession area (164 PSkm')
and surroundings (Fig. 5) 1895 PS points are detected, Most
of the scatterers are related to buildings and are located
within the densely urbamized center of Wieliczka, where
the maximum PS density was 480 PS/km®. Wieliczka is
surrounded by villages and hamlets charactenzed by sparse
urbanization which allow to get a good spaual distribution
of scatterers (=30 points/km?) for the rest of the area of
interest. Most of the scatterers are related there to buildings
but also to other metallic and concrete objects like fences,
roads, and poles. General knowledge of the scatterer charac-
tenistics 15 obtaned by the companson of PS locations with
detailed topographic maps followed by field inspection.

Some PS with different behavior, 1.e., variahle ve-
locities have been found on the areas of known active land-
slides. The PS velocities are highly dispersed over the area
up to 25mm/yr between neighbor points. Due to small number
of man-made structires the PS density is very low, which
results in the weaker network and then in higher errors. In
our study only points of overall very high coherence, whose

locations carrespond with the extent of the active landslides
(Fig. 5) were considered. To veri fy the reliability of these
points the field examination was performed. The coordinates
of the ponts was plotted on the opographic map and loaded
into field GPS receiver. Duning the field nvestigation some
PS located on buildings with visible damage were identified.
see Fig. 6. Unfortunately, a large number of PS was not iden-
tified and might relate 1o scattering from poles, power lines,
fences, and roads, without clear evidence of damage. The
field venfication was focused mainly on the points with co-
herence higher than 0.8 and PS on landslides were verified
m the field against the evidence of visible damage, During
that work, some buildings where construction damage and
failures are visible were identified ( Fig. 6). For those located
on the lowest part of the slopes the origin of the damage 15
not clear since these parts are also within the range of the
influence of the mining-induced subsidence However. it
should be noticed that many buildings located on the upper
parts of the slopes have been damaged. The ongin of the
damage is not always clear since all failures are cracks, which
are quickly repaired. Some of them may be caused by con-
struction mistakes or bad quality building material
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Fig. 6. Identification of PS points on landslides and visible evidence of construction damage caused by the landslide. Presented

time series of corr g defor

show linear behavior. It could be noted that the roofs remains not damaged,

which probably allows preserving phase of backseattered SAR signal over the til.ne. (Perski et al 2009)

Rys. 6. Identyfikncjn punktéw PS na obszarach osuwisk powiazana z widocznymi

i konstrukeji budyonkow. Prezen-

towane historie deformscji punktow u jawniajg liniowy character deformacji. Uwagg zwracajy nieunlwdznn;l m:ylm{n-
kow, co prawdopodobnie pozwolilo na zachowanie fazy interfeormetrycznej dla calej serii obserwacji. (Perski et
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As the northward direction of the landshide move-
ment (horizontal component) is not suitable for interfer-
ometry with polar satellite orbits (Colesanti and Wa-
sowski, 2006), the observed movement is not spatially
uniform. Each point behaves individually according to
its local conditions and local movement direction. It

hould also be emphasized that PS velocity was calcu-
lated against a linear model of deformation. Thus, the
analyzed cases present the cases close to linear movemets
of relatively low magnitude (up to 25mm/year) that allow
1o preserve interferometric coherence and high backscat-
ter amplitude over the time. Unfortunately, our observa-
tions cannot be verified by any quantitative measurement,
because the landslide movement is not measured there
systematically.

6. Interferometry with TerraSAR-X

High resolution passive satellite earth observing
systems have been known for the last 8 years. Images from
IKONOS and Quickbird have become a standard for many
Photogrammetric applications. The first available civilian
high resolution SAR (Synthetic Aperture Radar) system is
TerraSAR-X. It acquires data in different modes with dif-
ferent resolutions: SpotLight (1.3 m), StripMap (3.3 m)
1 5can-SAR (14.8 m) and also polarimmetric mode (Fritz,
Emneder 2008). In this study the interferometric capabilities
of TerraSAR-X StripMap data were evaluated. The test was
performed for the area affected by terrain subsidence
caused by underground copper ores exploitation. For the
same area Envisat ASAR C-band data were acquired
cavenng approximately similar period of time.

Table 1. SAR scenes used for Pprocessing
Tabela 1. Sceny SAR uzyte do przetwarzania

Orbit N

2408 ASCENDING

TerraSAR-X scenes used for processing

Most of the InSAR processing algonthms were de.
veloped and opumized for widely available ERS-1/2 En.
visal/ASAR and Radarsat—1 data, However, fir the higp
resolution interferometry, in order to achieye Optima| 1-‘,,_
sults, the coregistration approach that utilizes the imagin.
geometry information and a-priori information of :h‘; |::
pography of AOI has to be used — the so-called DEM-g.
sisted method, see e.g. (Huanvin 2004) Moreover, for
processing TerraSAR-X SpotLight data the adapuive fifyer.
ing needs 0 be performed in order 10 account for timme-
varying Doppler centroid frequency, speciically, (Kampes
ctal 2003) opumization of the image resampling and spec-
tral filtening algonthms is needed

All the optimizations and new algorithmic develop.
ment for processing SpotLight and StripMap TerraSAR.X
data, including reader of COSAR formar. are tully imple-
mented and will be released in a new version of DORIS
software (Mannkovic 2008).

In the case of Legnica-Glogow area two TerraSAR-X
StripMap images were used (Tab. 1). For the coregistration
of TerraSAR-X dataset both “conventional” and “dem-as-
sisted” method were tested. In this case study with rather
moderate topography. there was no si gnificant difference
between both methods observed The final processing was
completed with “conventional” method based on orbital
geometry and estimation of the resempling polvnomial
through the correlation optimization procedure

Legnica-Glogéw Copper Mining Area has been al-
ready studied with SAR interferometry using ERS-1 data
(Krawezyk, Perski 2000) and Envisat ( Popiolek 2006), For
the evaluation of TerraSAR mterferometry a pair of Envi-
sat ASAR data was acquired at the closest dates to Ter-
raSAR-X acquisitions (Tab. |)

02575 ASCENDING
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Alttude of ambiguiry
Envisat ASAR scenes used for processing

®Im

29570 ASCENDING

Orbit No

Acquisition date and time 26-0CT-200723 3844 | =
Incidence angle 23 -
Polansation Vv o |

Temporal baseline 15 ‘:L-l:,;‘

Baseline {perpendicular) 4236m

Altitude of ambiguity 193 m

Envisat data were also processed with DORIS soft-
ware, and the topographic phase contribution was removed
using the same DTED dataset as in the processing of Ter-
raSAR-X data

Even though high coherence of TerraSAR-X inter-
ferogram of the area was not expected, because of the sen-
sitivity of short wavelength (X band) and relatively rural
arca. the computed TerraSAR-X interferogram presents

very good coherence. TerraSAR-X data were acquired in
November and December, 1 ¢. during the season of lowest

vegetauon, which resulted in overall good coherence of the
interferogram. However, the regional atmospheric effect
should be noted (Fig. 2C).

The visual inspection of both, TerraSAR-X and En-
visatinterferograms, shows that the same areas affected by
deformation (Fig. 7) could be identified. The location of
subsidence phenomena 1s similar n both cases, Due 10
different temporal baseline and wavelength the measured
subsidence ratios are different, but the question whether
they are comparable remains

Fig. 7. TerraSAR-X (left) and Envisat (Right) interferograms of the same area In LGOM. Data ge_ocoded ta m state coordinate
System “20007. In the eastern part of interferograms Zelazny Most waste pond is clearly visible (Perski et al 2008)

Rys. 7. Interferogramy TerraSAR-X (lewy) I Envisat (prawy) dla tego samego obszaru z rejonu LGOM. Dane zostaly pr:;irlu;
formowane do Pastwoeego Ukladu Wspélrzednych 2000. We wschodniej czedci interferograméw widoczny jest zhiorn

odpaddw pofletacyjnych .. Zelazny Most” (Perski et al. 2008).

Acquisition date and time

2007- 34

2007-11-20 163453 2007-12-01 16:34.51 j
—l_ 31 |
—IE— Hil -
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based on the deformation gradient obtained from
diﬂ‘nuuﬂhmfamcﬂ'icprodum.lnaﬂammpmh.fur
the selected subsidence bowls. the phase unwrapping Was
pafunﬂlbyﬂtesmi-mmual:ppmthmkingmwmmt
wh:minfumﬁm,mdmsdcringa—piurisubam
information/prognosis. In this manner the deformation gra-
dient was calculated. In order to do so, the interferometric
phase difference between the highest subsidence in the
center and the lowest subsidence at the edge of the bowl was
taken. The distance between those points was about 500 m,
lhnma@a‘icsig:ﬂoflougq:aﬂalmvdmgﬁwasmt
affecting the measurements. To increase the (relative) ac-
curacy and reduce the effect of noise, the phase values were
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collected over 3x3 window and were averaged. The windgy
size was estimated empinicaly taking into account the smal|
spatial size analysed subsidence bowl. The data was un-
wrapped over (pre)selected profiles using a-prion nformg-
tion on the expected subsidence. In order to make the phase
measurements comparable, the gradients were recaleylareg
into a vertical component of the subsidence velocity, by
means of formulas as described in (Hanssen 2001 ), Resyjis
are presented in mm/day and discussed in Tab. 2 (Perskj
al 2008). To calculate the subsidence velocity uts linegripy
over the temporal baselines of interferograms was assumed
The experience with the analysis of subsidence within the
area of study shows that the subsidence velocity vanation
becomes important within the frame of 3-4 monts

Table 2. Results of subsidence velocity calculations for the selected subsidence bowls. Both SAR systems show very similar capa-

bility for subsidence velocity measurement. (Perski et al 2008)

Tabela 2. Wartodci predkosel osiadania obliczone dia wybranych niecek. Oba systemy SAR prezentujy podobne mozliwasci dia

pomiarow predkosci nsiadania (Perski et al 2008)

SR !W pb?e Slnbfi&}l\:s E;::?’ along Subsidence \'t'l'}):::'; I‘;::;:L'uf component

Gilow mme waste dump area

TermaSAR-X 7.0542 17.402 1.238

Envi 10:5674 43.002 1.356
Vicinity of Moskorzyn village

TS’S 21668 5.345 0.416

Envisat 3.8108 16.982 0.446

LoS — Line of Sight

The obtained values show that both radar systems could
ever, it has to be stressed again, the analysis was performed
using only a single interferogram with no removal of the at-
mospheric phase screen. Thus, these results should be consid-
ered as preliminary, however, they still could be used to indi-
cate the expected precision and to evaluate the
of TemaSAR-X for the deformation monitoring.

7. Conclusions

Y Thcwtlmmnry PSInSAR processing on SAR data
and its interpretations old not allow to clearly detect any

recent tectonic movement. However, the ,blind” experi-
ments over relatively small areas proved high reliability of
PSInSAR results. The obtained results show that the de-
formation signal detected within urban areas is very sensi-
tive to non-tectonic phenomena like the ground water
level changes.

The further works are focusing on the selection
of larger and more representative crops, the alternative
processing with different master scene for cross-validation
of the results and the removal of periodic signal related t0
seasonal groundwater level change. The tests with other
than finear model are planned in the near future. The cross-
-validation with other point wise InSAR techniques (.8
StaMPS, SBAS) is also planned.
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As for as the new high resolution sensors like Ter-
raSAR-X are concerned, 1t 15 too early to draw any conlu-
sion about their applications to natural surface movement
detection. It was already proven that these data could be used
for mining subsidence monitoring allowing the same subsid-
ence phenomena detection as Envisat C-band SAR system,
however, with more details than the previous system
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Streszezenie
iniciszy artykul stanowi przeglad obecnir:- stosowa-
nych miﬂdsulﬁl?ﬂtj interferometrii radarowe) {InSAR)

oraz jej najnowszych osiqgnicé w dziedzinie pomiardw
deformacji powierzchni terent. olnémc.mo klmq me-
todyke InSAR, jej ograniczenia i palm;dmfnljm“‘m
Jei modyfikacje jaka jest metoda interferometrii rOZprasza-
czy stabilnych (PSInSAR). W artykule pm'dsuwmno
réwniez pierwsze wnioski 2 prob wykorzystania wysoko-
rozdzielczych danych radarowych z satelity TerraSAR-X.
Oméwiono wyniki badan porownawczych inr.erfmgrn-
mow 2 danych TerraSAR-X oraz Envisat (dane srednio-
rozdzielcze) dla tego samego obszan 1 podobnego uk‘mu
obserwacyjnego. Metodykg InSAR i PSInSAR oméwiono
w oparciu o przyklady opracowan wykonanych przez au-

e

tora z terenu Polski. W sensie poznawezym antykul sk
sig przede wszystkim na mozliwodciach Pomiardw (e 1.?:'
macji naturalnych wywolanych geodynamiky, h!-u,“gm:
logiq lub ruchami masowymi W odniesieniy (g dangel
wysokorozdzielezych przedstawiono deformagje “,!,w“‘h-
ne eksploataciy podziemng md miedzi. Dane WysoKorog.
drielcze sq rejestrowane dopiero od kilku lat, ¢o unjepyq,.
liwia ich wykorzystanie do badan gcndynunuwnych_

Wspdlczesnie stosowana metodvka InSAR, Prze.
de wszystkim PSInSAR umozliwia juz wykrvwane i i
rzenie deformac)i terenu o przyczynach naturalnych, choe
otrzymywane wyniki nie sq jednoznaczne Stwierdzaye
interferometrycznie predkoser deformacii nie zawsze od-
powiadaja mierzonym metodami geodezyjnymi Dokladne
poznanie przyczyn lakiego stanu rzeczy wymagn whikli.
wych badan pordwnawezych oraz metodyceznych,
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PROBLEM OF THE PALAEO-WARTA RIVER VALLEY ON THE WOZNIKI-WIELUN
UPLAND IN TIIIE LIGHT OF GEOSTATISTICAL SPATIAL ANALYSIS
OF THE SUB-PLEISTOCENE SURFACE HYPSOMETRY

Key words:

geostabistics, knging, palacogeomorphology, clevation model, sub-Pleistocene hypsometry, palaco-Warta River valley,
Woznki-Wielun Upland

Abstract

Digital elevation model of the sub-Pleistocene surface on the Wozniki-Wielun Upland was constructed using ordinary
paint kriging with the sim of verifying the existence of the buned valley of the palaeo-Warta River, The problem of its
existence, often dealt with in literature, is of key importance in the restoration of the palaeogeographic evolution of the
northern part of the Silesia-Krakow Upland. The application of a geostatistical model appropriate for the spatial structure
of the data allowed to elaborate a digital elevation model of the buried surface, which seems to be the most accurate represen-
tation of palacorelicf. The models reveals the depressions described in literature, However, their pattern does not support the
thesis that they are fragments of a large valley, Their shapes are charactenistic of subglacial kettles, troughs and basins.

PROBLEM DOLINY PRA-WARTY NA WYZYNIE WOZNICKO-WIELUNSKIE] W SWIETLE
GEOSTATYSTYCZNE] ANALIZY PRZESTRZENNE] HIPSOMETRII POWIERZCHNI PODPLEJSTOCENSKIE]

Slowa kluczowe:

geostatystyka, kriging, paleogeomorfologia, model wysokosciowy, hipsometria podplejstocenska, dolina pra-Warty,
Wyzyna Woznicko-Wielufiska

Abstract

Metodn geostatystyczng — krigingiem zwyczajnym punktowym opracowano cyfrowy model wysokosciowy po-
wierzehni podplejstocenskiej na Wyzynie Wolnicko-Wielunskiej, w celu rozsadzenia, czy istnieje kopalna dolina pra-
-Warty. Problem ten, weinz dyskutowany w literaturze, jest zarazem kluczowym w opracowaniu koneepeji rozwoju
puleogeograficznego polnocnej czesei Wyzyny Slasko-Krakowskiej. Zastosowanie modelu geostatystycznego wiasciwe-
o dla strukiury przestrzennej danych pozwolito opracowaé cyfrowy model wysokosciowy Kopainej powierzchni, Ktory

"Institute of Geography, Pedagogical University of Cracow.
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X . i Widoczne sq na nim obnizenia opisywane w |
aleohipsometri. Wi : .
e tinaion se sa to fragmenty duzej doliny. Ksztaltem odpowiadajy one

Aurze

In geostatistical (stochastic) approach, altitude, as
kﬂi}um

a n_-ginnuli?r.‘d variable, has two aspects: random and strue-

z duzym prawdopodobie

‘ I using an empirical semivari R
o i e il g p Ivariogram, and then to construct

a geostatistical model of this structure, The analysis was

rynnom i misom subglacjalnym. ral. The random aspect accounts for local irregularities, preceded by the charactenization of the source data and
while the structural one accounts for the large-scale tenden- their statistical distnbunon
cies (Matheron, 1989), Randomness of the analyzed vari-
Introduction able 1s represented by fluctuations around the fixed surface

A buried valley of the palaeo-Warta River on 113c
Wozniki-Wielun Upland has been repeatedly described in
geological and geomorphological publications as one of
the major forms of pre-Pleistocene relief. However, no
convincing evidence of its existence has been hitherto pre-
sented, as its course was reconstructed basing on various
depressions found at various, often distant, locations. The
lack of evidence for their intercommunication raises doubts
about the existence of a buried pre-glacial valley of
the Palaco-Warta River in the sub-Pleistocene relief of the
Woiniki-Wielun Upland.

_ drift. The fluctuations are vanishing properties of the
studied phenomenon, featuring their own structure (Wack-
emnagel, 2003).

The geostatistical analysis of elevation of the sub-
Pleistocene surface was performed in two stages. The first

was geostatistical analysis of data, the second was spatial

analysis (interpolation) using ordinary point knging

Geostatistical analysis

Sotirce data and their evaluation

The mm of the geostatistical (structural) analysis was

The source data altitudes of the sub-Pleistocene
surface were obtained for 6499 sample points. Of these,
4862 values were calculated using borehole data and 1637
were read from the Detailed Geological Map of Poland,
within the outcrops of sub-Pleistocene strata (Bardzinski
et al,, 1982, Bednarek et al., 1987, Haisig et al., 1981a,
1981b, 1985, Kaziuk et al., 1986).

Statistical distribution of the sample data set 1s not
favourable for geostaustical analysis because of the nght-
handed asymmetry, high concentration of values and high

Geostatistical methods allow for the development of
a credible digital elevation model of the sub-Pleistocene
surface for a large area defined by the extent of boreholes
and ‘exposures of sub-Quaternary rocks. Such a model
would allow for a unanimous interpretation of the buried

to present the spatial structure of the data set vanability vanability of data (Table 1)

Table 1. Parameters of statistical distribution of the data set
Tahela 1. Parametry rozkladu statystycznego zhioru danych

; Fig. 1. Location of the study area with respecet to the mezore- l S [ = B C
depmsswns.. ’ gions of the Wo#niki-Wielun Upland according to Frequency Mekis Min. Wi Wik i‘“lf'ld:m TR ?kcé‘}::l cm“;:‘:;
The aim of this paper is to present the results of an J. Kondracki (2002). Mezoregions within the Woiniki- eviation caefiic
analysis of a digital elevation model of the sub-Pleistocene Wiclui Upland: 341.21 -Wiclua Upland, 341.22 - 6499 26035 166 58 260.99 165,53 208 528.12 0,050 177
Liswarta-Prosna Depression, 341.23 — Woiniki Cues- =

surface in the central part of the Wozniki-Wielun Upland,

ta, 341.24 ~Herby Cuesta, 341,25 Gorna Warta De-
pression, 341.26 —Krzepice Depression.

- Polozenie terenu bada na tle mezoregiondw Wykyny
Woinicko-Wieluniskiej wg J. Kondrackiego (2002).
Mezoregiony wydzielone w obrebie Wyzyny Woini-
cko-Wieluniskiej: 341.21 — Wyzyna Wiclufiska, 341.22
~Obnizenie Liswarty-Prosny, 341.23 — Prog Woinicki,
341.24 - Prig Herbski, 341.25 ObniZenic Gornej War-
ty, 341.26 — Obnizenie Krzepickic.

constructed using geostatistical methods.

The digital elevation model has been constructed Rye.
using all available data from borehole archival data and
geological maps and it covers the whole area defined by
the available data. It is also made s accurate as possible
m order to make the palacogeomorphological interpretation
reliable.

The Wozniki-Wielun Upland is the north-western
part of the Silesia-Krakéw Upland. It borders the Silesian
Upland on the west and the Krakéw-Czestochowa Upland
on the south (Fig. 1), The study was done in the Goma
Warta Depression and the Krzepice Depression, between
Cazestochowa and Krzepice, This fragment of the Upland
was densely drilled for iron ore prospection by Przedsi
biorstwo Geologiczne in Cazgstochowa, #

The sample points are unevenly distributed over an
area of 1540 km?. A distinct concentration is present in an
NW-SE oriented belt, several kilometres wide, between
Poraj, Czestochowa, Klobuck and Krzepice (Fig, 2). It
corresponds to the suberop of iron ore-bearing Middle
Jurassic clays to the sub-Pleistocene surface. The density
of the sample points is variable. It is greatest within ancient
mining fields, 78 points per 1 km?® at Wreezyea. One hun-
dred seventy points of the kilometric grid contain only one
sample point and 770 fields contain none. On average, there
are 4.2 points per 1 km?, Distances between points vary
from ca. 1 km to ca. 50 m.

Methods

The digital elevation model was constructed using
ordinary point kriging. It is based on values of altitudes 0f
Pleistocene base at sample points. The values are regional-
ized. Each of the values is a realization of a random func-
tion, In such a context, the geostatistical method 15 optimal
for data manipulation.

Fig. 2. Arcal distribution of the sample paints
Rye, 2. Rozmieszczenie punkiow priabkowych
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al was evaluated at the stage

of data accumulation. The cvaluation involved first “:;

correctness of borchole locations, then the ""'_“cmc“‘cbossm_

identification of the base Pleistocene sediments

ik se'f:: :segrccs of detail in lithological dﬁmpllon;::
the Pleistocene and Jurassic rocks are curnpmble, =
depths down to the soles of penctrated strata in the whole
sections medcterminodtommumcy_ofl cmThc base
of the Pleistocens sediments is easy to identify in almost
all boreholes because they overlie limestones (Upper
Jurassic), sandstones (Middle Jurassic) or firm dark mica-
ceous clays, locally even black, with fauna. .

These clays, known as ..ore-bearing clays” (Middle

Jurassic) contain deposits of iron ores. The upper ore ho-
rizon lies a few to several metres below the top of the
clays,

De identyfication of the Pleistocene clays directly
overlying Middle Jurassic clays is not difficult. because the
Pleistocene clays are lighter-coloured than the Middle
Jurassic ones, gray or light-gray, often varved, and include
an admixture of quartz sand or gravel and pebbles of chert
or limestone, often also northern (Scandmavian) rocks.

The correctness of identification of the Pleistocene
base raised doubts in only few tens (ca 30) boreholes. The
Middle Jurassic clays are overlain there by mixed Middle
Jurassic and Pleistocene clays. The position of the Pleis-
tocene base in such cases was identified by comparing

The accumulated materi

sections in neighbouring boreholes ang drawing 5

ical cross-section using them. When the jp Emmhu:;cnln .

considered erroneous, a correction was mtrnduccd"“ Was
Borehole data are valuable evidence, sun-.|hI

a base for constructing a reliable digita| “'*—‘Vimn,; € as

of the buried sub-Pleistocene surface. Mode|

Calculation of isotropic empirical Semivariogrg

The spatial structure of altitude of the Stab-Ples
tocene surface is shown on an empirical j )
variogram.

The measure of ti_w vanability in the spatial structype
1s provided by semivariance caleulated for the semivario.
gram classes as a half of the mean of squares of the devig-
tions of the studied parametre, in points distan by vector j

SOropic sem;.

M)

1
Y0 =5 D G-y

where:

Nth) — sample frequency,

%, v,— values of the studied parameter (at the stant
and the end, respectively).

Parameters of the empirical isotropic semivariogram
of the altitude values for the sub-Pleistocene surface are
shown in Table 2.

Table 2. Main characteristics of the empirical isotropic semivariogram of the altitude values for the sub-Pleistocene surface
Tabela 2. Podstawowe charakterystyki izotropowego semiwariogramu empirycznego wysokosci bezwzglednej powierzchni

podezwartorzedowej
Geometry of the semivariogram grid Frequency of the Number of Number of point
& TR VhDeras lises Class range [m] pairs
Gnd radius: 23 000 m
Number of direction classes:
Numberof istoce clases 100 fo? 25 1000 14841515

. Empirical mm‘q:ic semivariogram of the sub-Plejs-
tnm?efur&oeelewuon (Fig. 3) starts with a distincy dis-
cnnllmuty Ath=0y(h) it attains the value of 36 m?,
idrise in values of the semivariance function ns
distance classes follows up to the distance of 41

A rap-
uccessiye
00 m. The

log is nearly rectilinear and steep over this distance. Farthet.
up to 7000 m, the value of the function becomes stable &
340 m’, Over the distance of 7000 — 11,000 m the function
value rises again, initially, to 9000 m, first slowly. then
more intensely.
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Fig. 3. Empirical isotropic semivariogram of the sub-Pleistocene surface elevation
Ryc. 3. Izotropowy semiwariogram empiryczny wartodci wysokosci bezwzglednej powierzchni podplejstocenskiej

Within the distance range of 14,000 - 16,000 m the
values of the semivariance function decrease 1o 440 m’,
They slightly rise again in the final section of the semi-
variogram, to 21,000 m, with two notable levels of stabi-
lization — at 460 m* and 480 m°. It rises to 550 m® in the
two final distance sections of the semivariogram.

The empirical 1sotropic semivariogram shows the
complex structure of the sub-Pleistocene surface elevation
values, The structure involves:

— nugget variance (nugget effect) that equals 36 m*
at =0, which may partly result from measurement errors
caused by errors in determination of the thickness of Pleis-
locene sediments, which resulted in errors of Pleistocene
base elevations;

~ distinet spatial correlation of data at distances be-
tween samples 1500m — 4200 m, 7000 m ~ 11,600 m and
greater than 20,400 m;

— stabilization of the semivariogram function values,
expressed in flattening of the diagram at various, succes-
sively greater, values of the semivariance function, if the
distance between samples equals $000-6000 m, 12,000~
13,100 m and 18,600-24,000 m;

—reversal of the growing trend of the semivanance
function at the distances between samples equal to 13,100
15,000m.

The semivariogram is not smooth; it displays fluc-
tuations. It also has no distinct flattening over a large dis-
tance. In general, the values of the semivaniance fimction
increase with increasing distance, with one exception when
this trend is reversed. This is an unlimited semivariogram
(Namyslowska-Wilczynska, 2006). The persistent increase
in semivariogram values with distance is interpreted as
indicative of the presence of a trend or dnift in the analyzed
data.

Geostanistical model of variability

The next step in the geostaustical analysis of the
empirical semivariogram involved approximation to an
analytical function, which is a geostatistical model of the
variance of studied parameter (Mucha, 1994), called also
the theoretical model of the semivariogram or the vanance
structure model (Fig. 4).
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. \.‘Emermmnm Vanogram nc‘:_,,mj
."l \
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‘ﬁ / \\ ’;. \\
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1 7 7 T semi warlogramy
/ empiryeznago
‘\ / \ * (Model Gurve
‘ 233 541 (hezba par punkidw w klasie (h))

(number of point pars in & class(h))

3000 4000 5000 m

Pole zmiennoscinie nielosowe)
Field of non-random variation

litude Wariogram (geostatistical model) aft ; arlance
am er J. Mucha (2002): € - total sill varia
et of -mul:; variance (local variability of the parameter), C* —sill variance, L, N random and

nce i between sample points,
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After unsuccessful attempts at approximating the
empirical semivariogram with single basic models, com-

Table 3. Chart of parametric values of the g

istical elevation

plex embedded models were used. These combined nugget
effect models with one, two ar three basic models (Table 3).

A

Is of the sub-Pleistocene su rface

Tabela 3. Zestawienic wartodel parametrdw modeli Reostatystycenych wysokoscl bezwaglednej powierzchni podplejstoceriskie]

Nugget effect Scale
() Root of (" Root of sill Sill
nugget vanance = (‘o‘ C’
Semivariogram (Nugget variance) | variance | (Sill variance) Je (Total sil| Tangent of slope | Exponent
del 2E ]
mode (Nugget Effect) JE‘,, (Scale) masl varance of Imm.:.r function | of power
[masl] [masl) [masl] (81l ‘ (Slope) function
[masl} {Power)
Model (a):
Nugget + 252 15.87
linear 00129
Model (b):
Nugger + 4.9 6.70 0.876 45,67
power 0.768 0.635
Model (c):
Nugget + 233 4.85
exponential + 312 gg:: S
power 0.73 ' 0.635
Model (d):
Nuggel + 428 6.54 71.39
spherical + 279 5.;:2
power 0.694 0.833 0.635
Model (e):
Nugget + 65.36 5.08 1.033 7541
pentaspherical 93 Rt
+ power 0.847 0.92 0.625

Geostatistical modelling began with an approxima-
tion of the experimental model by a model consisting of
a lincar function (default model in GRID module of SURFER
software) and a nugget model (Fig. 5a). Satisfactory results
were obtained in successive attempts by combination of

the nugget model with a power function (Fig. 5b) or with
several basic models. The best fit of the theoretical and
experimental models was obtained when the power func-
tion was one of the elements of the composite model
(Fig. 5c—e).
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Noteworthy i the tested models (except for model ¢)
is the high value of the nugget vanance - C, (random com-
ponent of the variability) at =0 (Table 3). It1s greatest in
model a, thus precluding its use i spatal analysis, The
exponent of the power function in models b, ¢ and d 15 the
same; it 18 much lower in model e,

Cross-validation of the estimation and validation of

the interpalation

The validation of the quahty of estimation and in-
terpolation was performed with the aim of selecting the
best model of data variability for optimal interpolation of
the sub-Quaternary surface elevation. The quality of fit
of the theoretical model 1o the experimental one has a direct
influence on the accuracy of the estimation and interpola-
tion. This i turn influences the degree of contormance of
the digital model with reality.

The vahidation was done in two steps. First the the-
oretical models were validated using cross-validation, then
the quality of interpolation performed was assessed using
the successive models.

The process of cross-validation consisted in the eli-
mination of successive sample points Z(x_) from the data
set and in the estimation of Z2*(¢ o) values at the location
of the climinated sample point u:tsing the remaining data
(Issaks and Srivastava, 1989). Then what followed was the
caleulation of the cross-validation error (true estimation
error), that 1s the difference between the onginal value and
the mean estimated value, showing to what degree the
value of data fits the neighbourhood of surrounding data
values (Namyslowska- Wilczynska, 2006):

Ax)-2%x,)

where:

Z{x_J) ~ onginal value

Z"fwl - mean value estimated at location x, caleu-
lated after the elimination of the original valule.

The validation of the theoretical models of the semi-
variographs took into account: mean of cross-validation
errors (ME), root of mean of square cross-validation errors
(RMSE), standard deviation of kriging (o), knging va-
nance () and coeflicient of linear correlation (r) between
data in sample points Z(x_ ), and mean estimated values in
these points Z(x, ) (Table 4)

Table 4. Results of cross-validation of the estimation of clevation of the sub-Pleistocene surface
Tabela 4, Wyniki kross-walidacji estymacji wysokosel bezwzgledne) powlerzehni podplejstocenskie]

; Coefficient
d ! d Vi e of "
Estimation l_\'h.nq Mcn.n Aquare Raotof hl:lll(lx.ml Vanance M?‘“,nl [l nn:l m,c = o | of lincar
with estimation | of estimation | mean square deviation of estimation i
o, error ermor estimation error | of knging eride Cross- CTOss- o
| MS RMSE O st | lidation | validation | "
[masl] | [masl]) [masl] [masl] G error error Ziz
n -0,025499 | 104.580894 10,2264580 10580244 | 104580244 | -0,002494 1000006 0,885
h 0.063270 | 72518652 B.515788 72514649 | 72514649 0,007430 1.000006 0.920
¢ 0055100 | 74.016182 8603266 74013146 | 74013146 | 0006405 1.000041 0919
d 0.049184 | 75191711 B671315 75.189292 75.189292 0.005672 1.000032 0917
¢ 0050173 | 74746623 B.645613 T4.744105 | 74744105 0.005803 1.000034 0918

The choice of the theoretical semivariogram mod-
el used in the kriging estimation was based on the prin-
ciple that the chosen model should lead to the smallest
difference between the real values Z (original data) and
the mean estimated values 2* (Namyslowska-Wilczynska,

2006). Consequently, the most important were two indi-
ces: mean ol cross-validation errors (ME) and root of
mean of square cross-validation errors (RMSE), This
semivariogram model was chosen, which resulted in their

. smallest values.
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This index gives an nsight into the adequacy of the
theoretical model that approximates the course of the ¢y.
perimental semivariogram (Wackernagel, 2003) 11 j, s
error of estimation were on average equal (o the assumeq
error, than the value of the index would be 1.
The quality of interpolation was estimate basing o
Mm" statistical parnmeters of the set of estimated valuey |, all
G nodes of the elementary grid (Table S) and on the estimq e
of cartographic correctness of the digital elevation fodely
(Fig. 7). Mean error of estimation was used as
of the estimation:

During the validation of the theoretical semivariogram
models the cross-vahdation crror wis referred 1o the stand-
ard deviation of keiging (g, ), which represents the assumed
error, innrdermmpuuhcuumdunmwdm(lmks
and Srivastava, 1989, Namyslowska-Wilczyfisks, 2006):

where:
Zx )~ original value
Z'(NJ — mean estimated value at location x_ calcu-
lated after the elimination of the onginal value, _
[ A standard deviation of kriging. St 4
Also the mean of square standard errors of cross-
validation (variance of standardised error) was calculated where:
(Namyslowska-Wilczynska, 2006): Z— value measured in sample point (2)
Z_ —value interpolated in poinm #
as well as the estimate of variance (5°) and standird deyia.
tion (s) of the interpolation error,

erterion

1 Z (Zx,) =2 ,)F

i B chM

Table 5, Statistical parametres of the set of estimated values in all nodes of grid.
Tabeln 8. Parametry statystyczne zhloru wartodel estymowanych we wszysikich wezlach sintki.

Interpalati - : § . . i
ith ﬂ'l"ﬂ ! Mean Min. Median Max, ‘ qu“.‘d‘.m] ] Variance Varinbility | Coellicient
! leml;-'lnml [m] [m] [m] {m] davixdida [m])! coefficient | of sk
i [m] ciel 0l SKewness
[ 256,7020 197.68 | 258.3865 328.62 23.2601 541.0311 0091 0.035
b 254, 9486 182.77 257.312 344.00 26,3190 692 6891 0.103 -ll—.l.'il
€ 255, 1060 184,05 2572364 342,19 26,0596 6791013 0102 -0, 108
d 2552074 185.17 | 257.2394 4142 258778 669.6602 0.101 -0.098
e 2551882 | 18496 | 2572005 | 34167 | 259208 | 6721947 | o102 0101

Taking into account the magnitude of the nugget
variance and the results of cross-validation, the choice of
a theoretical variability mode] was limited to models ¢ and
::. Model ¢ (nugget + exponential + power) features the
owest nugget variance. Model b (nugget + power) has
the lowest values of: oot of mean square amro?:sﬁmi:ion
(RMSE), standard deviation of kriging (9, and variance
of estimation error. This allows 1o accept the estimation
using model b as the most accurate. Consequently, thig
model was chosen for the estimation of the vilues of efeya-
tion of the sub-Quaternary surface,

The choice of model b is also supported by the high-
est value of the linear correlation coefficient between
the sampled and the estimated values, The adequacy of
the choice of madel b is also confirmed by the variance
of the standardized cross-validntion error, closest 10
1 amang the validated models, The mean of cross-validation
errors close 1o zero indicates that there is no systematic over-
estimation or underestimation of the estimated values.

The mean of the values estimated using model b
(Tuble 6) is lower by 4.48 m than the mean sample. The
estimated minimum value exceeds the minimum sample
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value by 3076 m. The muximum interpolated value is
lower by 154 m than the lowest sample value, The disiri-
ution was thus Mattened™, especinlly with respect to the

minimum value. The <fattening™ of distributions of the

estimated values is greater when the other models are
used.

Tahle 6, Selected statistical parameters of the set of estimated values 7 of the sub-Plelstocene surface elevation
Tabeln 6, Wybrane parametry statystyczne shiora wartodcl estymowanych 7* wysokodel berwaglgdne| pawierrchni podplejsto-

censhie]
._l'.slll'lll'lllllrl with Estimated value 2* [ma.s.l | ____ : ~ Sundard [ :mam:e ]
sepuvariunee model Min Medion Max Mean d:,‘,";:_:_:jm Z* [mp |
| moe | ossw [T st | asea | um Y "{
b 19734 34143 259.49 1941 | 37668 |
T g0 | 340,76 2940 1925 | 3064 |
4 199,53 14028 25948 1905 | e |
o A 199 44 MO3s | 25048 18 | 3797 |

The digital models (Fig. 6) were constructed using
as o framework an clementary grid consisting of 6319
nodes distributed every 500 m, The mean error of interpo-
lation equalled D231 m in all cases.

The varation of parameters of the sets of estmated
vilues in all grid nodes is rather small, especially with
respect Lo the estimation using models b, ¢, d and ¢ (Table 83,
Also the digital elevation models interpolated using them
are sumilar in general outlines and in details

Aconclusion drawn from the evaluation of the qual-
ity of interpolation estimation is that only hypsometry in-
terpolated using model a (Fig, 6a) difters essentially from
those obtained using the other models, This is related to
the model's markedly higher nugget variance,

Anisotropy of the elevation values of the sub-Qua-
fernary surface

The first part of the geostatistical analysis was done
using isotropic variograms. At the angular tolerance level

of 90" they take into account the maximum number of

sample point pairs in each class and their course is the most
wsmoothed”, According to B, Namyslowska-Wilczyiiska
(2000) an isotropic averaged semivariogram provides the
!Jcsl estimate of the nugget effect (C, ) and sill varianee (C'),
1 also fucilitates the choice of the theoretical model that
should ,fit” the experimental curve.

The second stage of the analysis consisted in con-
struction of a directional semivaniogram. The initial study
of anisotropy was made at experimentally established an-
gular tolerance of the semivariogram of 40°, in four direc-
tions: 07, 45°, 90" and 135" (Fig. Ta-d)

The elevation of the sub-Quaternary surface shows
the best spatial correlation at azimuth 147", semivariogram
tolerance 40 and amsotropy coefficient 2 (Fig. 7e). the
nugget varance equals 44.9 m?, sill variance of the theo-
retical model - 0.768 m’, the exponent of the power func-
tion 0,635, range |

Interpolation of the elevation of the sub-Quater-
nary surface

The choice of ordinary point kriging was dictated
by the author’'s earlier experience in the application of com-
puter-assisted methods of spatial data analysis (Szubert,
2004) and the other assesments of the ordinary knging
(Issaks and Srivastava, 1989, Wackernagel, 2003, Namy-
slowska-Wilezynska, 2006). This method:

~ belongs to the most frequently used kriging estima-
fors,

- is 4 (strong” kniging system, accounting for the
strong skewness of data distribution,

~ when compared with other methods of interpola-
tion it works well with unevenly distributed data; point

|
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ternary surface interpreted using various geostatistical models of data variability
2~ Interpolation with model a (nugget + linear), b interpolation with model b (nugget + power), c — interpolation with = P e ey e ey

m‘ (nugget + Wﬂﬂ'l' power), d "ht;l'pﬂllﬂoll with imodal d e wewur) o interpolation L Do 454
+ power
PR, erzchni podezwartorzedowej interpolowane z zastosowaniem réznych modeli geosta- Fig. 7. Directional semivariograms of the elevation of the sub-Pleistocene surface. Angular tolerance of semivariograms 40° Azi-
T e e e e l‘wmq'lmﬂﬂﬂem.(num.mm linear), b - interpola mgdelemb{nﬂw-" muths: o - 0% b - 45% ¢ - 90%, d - 135", ¢ - 147",
."“PWL i -hw lm e'(".“ll“ effect, exponential; Ww"}r)é i lnl:emrzlﬂ.‘;:l:-mnddem d (n““ﬂ Rye. 7. Semlwnringnmy Kierunkowe wysokosci bezwzgledne] powierzchni wﬂph}ﬂmm katowa semiwariogra-
effect, 'MMJ’-‘-‘WIM ¢ (nugget effect, Pentupller!c'al. e mbw 40°, Kierunki: n - 0% b — 45% ¢ — 90°, d — 138, ¢ = 147",
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concentration less influences the results of estimation than
S mhc—ritisa pm::isemimator,nsisslmwnbyﬂtwﬂw“"
ance between the estimated value (Z*) and data (2, when
an estimated point (x,) coincides with 3 samplc poizt fx)-
Moreover, estimation using ordinary Imptlg!sbascﬂ
on a statistical description of data cantinuity by using 2 the-
mnlsunivariogmnmodel.ﬂnmﬂumoﬂbcdlfww-
&s of the measurement points from the estimation potnt on
the estimated mean (2% 15 lower than in other methods of
spatial data analysis. Calculation errors are close to 0 and
are distributed more evenly than in other kriging systems.
Geometry of the elementary grid and parameters of
the arca of point search were determined before performing
the final interpolation of the sub-Quatemary surface eleva-

tion. Anisotropy of the data was reflected in the elliniicy)
shape of the data arca with semiaxes lengths R, (0X) ang
R, (0Y) equal to 35 000 m and 17 300 m, respectivel,
and semiaxis R, sloping toward 147 '

Another test performed was that of the accuracy of
interpolation at various densities of the elementary erid
and at various numbers of subsectors in the area seqr ched
for sample values (Table 7)

It was found that the value of error, hence the -
racy of interpolation, depends neither on the number of sec.
tors in the arca searched for sample values nor on the myy;.
mum and minimum numbers of sample points taken ingo
account in the estimation of Z* value. but rather on the distance
between the nodes of the elementary grid (gnd density)

rface
Table 7. Mean errors of interpolation of the relief of the sub-Quaternary su
T:hell 7. Srednie bledy interpolacji hipsometrii powierzchni podezwartorzedowej

Distanices between the nodes of elementary gnd Number of nodes
in clementary gnd Mean error of interpolation [m)
Variance of imterpolation error (57)
Parameters of the search area Standard deviation of the interpolation error (s5)
100 250 500 1000
154.791 24.957 6.319 1620
Number of sectors. 4 0.0296 0.0687 0231 0906
Maxi ber of data duced from all sectors: 64 57 =33.506 s =43717 57 = 56.547 5= 85,028
Minimum number of data introduced from all sectors: 16 =579 5=6612 s=17520 $=922]
Number of sectors: 8 0,0229 0,0625 0,223 0,983
Maximum number of data introduced from all sectors; 256 5 =133.506 5 =43.708 5 =56.517 &~ =84.736
Mint ber of data introduced from all sectors: 32 =579 5s=6.611 s=T.518 §=9.205
Numiber of sectors: 12 0.0214 0.0607 0221 0,980
Maximum number of data introduced from all sectors; 600 5 =31.506 #=43711 5 =56.520 5 =84 741
Minimum number of data introduced from all sectors: $0 =579 s=6.611 s=T7518 ¥=9.205

Additionally, the quality of the interpretation was
chcckedhnedonlhcwtognphjccmemmofthepd-
acoelevation contours (e.g. lack of loops, intersections,
sharp bends). The mean error of interpolation does not
exceed I'm in all cases, which allows to refine the elevation
model by using a narrower contour interval (Table 7),

. The accuracy of the interpolation increased with
mmmg density of the elementary grid. The smallest
interpolation error was obtained for a grid with 100 m dis-
umc? between the nodes. The accuracy increased also with
the increasing number of subsectors in the data search

area. It was greatest at 12 subsectors and at the maximum
number of introduced data, that is 600. Similar relations
exist for data variability. It was lowest and independent of
the number of data for the densest grid.

Cartographic correctness of the contour pattern de-
pended on both grid density (Fig. 8a-d) and — to a lesser
degree — the number of data (Fig. 8a, e-f). The model fi-
nally chosen was one interpolated on the basis of an ele-
mentary grid with 100 m node distance, estimated using
the subdivision of the data searching area into 8 subsectors
(Fig. 9 a).
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Fig. 8. Interpolation of palacoelevation s of the sub-Pleistocene surface: a-d — at 4 subsectors depending on the density
of elementary grid, a - internodal distance of 100 m, b - internodal distance of 250, ¢ ~ internodal distance of 300 m. d - in-
ternodal distance of 1000 m; e-f depending on the number of subsectors at internodal distances of 100 m, e - 8 subsectors,
f— 12 subsectors.

Ryc. 8. Interpolacja paleaizohips powierzehni podplejstocenskici: a-d przy 4 podsektorach w zaletnodci od gestosci siatki elemen-
tarnej a — odleglodei pomigdzy wezlami 100 m, b — odleglosei pomigdzy weztami 230, ¢ - odleglosci pomigdzy wezlami 500 m,
d - odlegloici pomigdzy wezlami 1000 m; e-f w zaleznodei od liczby podsektoréw przy odleglosci pomiedzy wezlami siatki
elementarnej 100 m ¢ - 8 podsektorow, £~ 12 podsektoréw.
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Fig. 9. Digital elevation model of the sub-Quaternary surface
ultidirectional

a - digital elevation model, b — m Beostatistical model, ¢ ~directional geostatistical model.
Ryc. 9. Cyfrowy model wysokodciowy powlerzehni podezwartorzedowej

a - cyfrowy model wysokoiciowy, b — wielokierunkowy model geostatystyczny, ¢ ~ kierunkowy model geostatystyczny-
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Discussion of results

The results of this study are visualized as a Juxtapo-
sition of the digital elevation model with an 1sotropic and
a directional semivariograms, The spatial structure of the
data displays a fluctuation of variable amplitude and drifi
The spatial correlation of the data is disturbed This may
be interpreted as a manifestation of a local actvity of one
or several relief-forming factors that distorted the large-
scale (prevailing over the whole area) features of the eleva.
tion pattern, shaped by a long-lasting geomorphological
process. The spatial order (better correlation of data) s
present in the NNE-SSW direction.

The last stage of shaping the sub-Pleistocene surface
on the Wozniki-Wielun Upland took place during the Odra
Glaciation. It was then when the factor was active and
distorted the relief characteristics shaped carlier, during the
Mazovian Interglacial.

The Mazovian Interglacial was a period of a long-
lasting denudation (Mojski, 2005), when the valley network
was formed, The valleys had smooth long profiles. The
smoothing of relief was interrupted by the invasion of the
Odra ice sheet. Subglacial waters shaped troughs and basins,
sharply marked in palacorelief. The fluctuation in the spatial
structure of data may record subglacial erosion, Subglacial
troughs were an element of the valley network draining the
subglacial waters during the pre-Warta interstadial,

Another stage of intense denudation followed during
the Warta Stadial, when the northern part of the Upland
was covered with an ice sheet. The studied area lay at its
foreland. Periglacial climate intensified denudation of the
depositional forms formed during the decay of the Odra
ice sheet. Erosional subglacial forms were filled with per-
iglcial sediments and so they were preserved,

This discussion is an attempt at explaining the fluc-
tuation and drift basing on the previous knowledge on the
;'lnlul:ugcographlcnl evolution of the northern part of the
Krakow-Silesia Upland,

The digital elevation model (Fig. 9a) revealed a se-
ries of depressions in the sub-Pleistocene surface between
Poraj and Krzepice, The performed validation of estimation
and interpolation of the elevation of the sub-Pleistocene
surface demonstrates that the pattern of these depressions,
their shapes and sizes closely reflect the true relief.
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The depressions south of ¢ Zgstochowa were de-
scribed by 7 Mossoczy (1955), wha postulated that they
are fragments of the pre-glacial valley of the upper Warta
River (Figs 10, 11); 2 hypothesis accepted also in later
works (Klimek, 1961, 1966). Similar depressions, alsa
Interpreted as fragments of buried valleys, are present in
the northern part of the Woiniki-Wielun Upland (Krzemin.
ski, 1974) and west of Czgstochowa (Lew andowski, 1993)
(Figs 12, 13)

The dignal elevation model (Fig. 9a) shows thres
Separate groups of depressions: near ¢ “zgstochowa, Klobuck
and Krzepice. They are incised nto a plateau sloping to
the northwest and north, toward an extensive depression,

The depressions near Czestochowa are clearly sepa-
rated (Fig. 14¢) by a ridge culminating in the Jasna Gdra
hill. They are shaped like wide bowls. The shallower one
(30-35 m deep) is ovate. the deeper one (50-60 m) is elon-
gated mendionally They are probably a part of a greater
system of depressions, as is shown by a trough branching
to the south. Ovate and elongate secondary depressions are
present in their bottoms,

One of the depressions, situated west of Czestochowa,
resembles in its shape a classical subglacial trough (Fig. 14b).
It consists of three parts. On the south it lerminates in
a bowl-shaped hollow with a radius of2-25km.ca. 35 m
deep. The middle, menidionally clongated part of the trough
15 deepest (up to 70 m) and narrowest (1-2 km in the upper
part). Secondary depressions are incised in the bottom. The
third, northern part is up to S0 m deep and elongated in the
NW-SE direction.

The depressions near Krzepice ( Fig. 10a) are intercon-
nected troughs with sharply outlined ovate or elongated hol-
lows up to 50 m deep. The troughs are sloping to the north-
west and north. Broad valleys with inner depressions in shape
of subglacial bowls are present near Klobuck (Fig. 9a)

The analysis of the sub-Pleistocene surface hyvpsom-
etry does not support a thesis that the buried depressions
between Poraj and Krzepice on the Wielus Upland are
fragments of the palaco-Warta valley. The shapes and
sizes of these forms support the thesis formulated by
J. Lewandowski (1993) who, based on the lithological dif-
ferentiation of the sediments filling some of the deep bur-
ied depressions, suggested that these are subglacial troughs
or exaration depressions.
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(1955) against the digital elevation maodel of the sub- Fig. 12. Pre-glacial valley network after 1. Lewandowski (1993) against the digital elevation model of the sub-Pleistocene sur-

Warta River after Z. Mossoczy
Fig 10. Pre-glacial valley of the palseo- face,
Ryc. 10. Wl’mﬂlll‘lﬂ":aﬂu- pra-Warty wg Z. Mossoczego (1955) na tle cyfrowego modelu wysokoSciowego powicrzchni podplej- Rye. 12. Preglacjalna sie¢ dolinna wg J. Lewandowskiego (1993) na tle eyfrowego modelu wysokosciowego powierzchni podplej-
stocenskiej.
stoceriskie],

Fig. 13, Pre-glacial valley network after J. Lewandowski (1993) sgainst the sample points used for the construction of the digital

Fig. 11 Pre-glacial valley of the palaco Warta River after Z. Mossaczy (1955 sed for construction of
o the digital elevation model of the sub-Pleistocene surface, ¢ L e e Rve. 13 AT T CL A M OV s ia cyfrow
Ryc. 1L Preﬂn]lhldolhlpn-w wgZ M (1 te frowe- ve L3 Preglacjalng sieé dolinna we. J, Lewandowskiego (1993) na tle punktow probkowych uiytych do opracowan -
arty Kk anla cyfro LS » L
0850czeg0 (1955) na tle punktéw probkowych uzytych do opracow g0 modelu wysokodeiowego powierzchni podplejstocenskiej.

g0 modelu wysokodciowego powierzehni podplejstocefskiej,
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The paper quoted above imfludos a pd:rmse?nm;:
phological sketch of the sub-Pleistocene su icF e
Silesin-Krakdw region, A comparison of the Eopleist e
valley network in this scheme with the interpolated elev

tion model shows discrepancies (Fig. 12), which suggest
that the depressions on the Wosniki-Wielu Upland are not

fragments of the Eopleistocene fluvial network. This oon

clusion is also supported by the pilot studies of the litho-

logical differentiation of the sedimentary fill (Szubert,
08a,b).

: T:: distinguished depressions (Fig. 14a-c) should
be considered as subglacial troughs formed during the Odra
Glaciation — the last in this arca, During the pre-Warta
interstadial they were a part of the valley network.

The methodical aspect of the present paper provides
an opportunity for reflection on the bencfits of using for
geomorphological purposes the geostatistical methods that
seem to be difficult, complex and time-consuming when
compared with other methods, A partial response was
given in the paragraph explaining the choice of ordinary
kriging as the method of interpolation.

The advantages of geostatistical methods include:

~ interpretation of the randomness of the phenom-
enon as fluctuation around drift, and fluctuations as vanish-
ing properties of the phenomenon rather then errors, and
acceptation of the drift as a reference surface for the fluc-
tuations (Wackernagel, 2003), Multifactoriality of geomor-
phological phenomena and processes makes randomness
their fundamental characteristic;

= structural analysis which allows to show in a sem-
ivariogram the spatial structure of regionalized data (stud-
ied phenomenon);

= C!ata used in geomorphology are regionalized data.
A analysis of their spatial structure may allow estimating

the relative role of both, the structural any fandom oy, -
nents, showing to what degree they gre correlateq un¢: '..
what degree chaotic. In geomarphology, it i 1, I'-'ndc"c“
to terrain planation, shaping of valleys with umfor i
If a factor (one or more) disturbing denudation (are)
present, then structural analysis will reveq| Nuctuntings and
drift. Itmay be thus inferred to what degree s gy anilyzeq
hypsometry (relief) the result of local (random) prog ¥soe
The structural analysis, by revealing the characterigyics (;f
the phenomenon which are not apparent in (he |lyp5;1;nut_
rical pattern, is an important complement of digital eley,.
tion model (Fig.9):

~ possibility of using large data bases, conducting
spatial analysis over a large area (interpolation and ex.
trapolation of contour lines) and the valuation of the cor.
rectness of estimation and interpolation Judging from the
accuracy of a digital model as a measure of j1s credibility
It 15 especially important when the object of study 1s noj
available for direct observation. Another conclusion stems
from the comparison of Figures 10, 12 and 14, They show
how the views on the pattern of buried valley network have
evolved during the last 50 years with the growing data base,
that is the knowledge on the relief of the buried surface and
the development of interpolation methods from manual
ones to those computer-assisted. A application of the latter,
strengthened with geostatistical spatial analysis, allowed
constructing a large-size credible image of palacohypsom-
etry, which led to the reinterpretation of the interpolated.
In the case of the Wozniki-Wielun Upland the geostatisti-
cal analysis indicated also a new dimension in the studics
on buried relief - the evolution of this relief during the
pre-Warta interstadial and subglacial erosion during the Odra
Glaciation as important factors in shaping the valley network
in the northern part of the Silesia-Krakow Upland

i slope
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Ryc. 14. Buried depressions on the Wosniki-Wielus Upland
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= between Panki and Krzepice, b — between Konopiska and Czarny Las (west from Czgstochowa), ¢ - between Poraj

and Czgstochowa,

Rye. 14. Kopalne obnizenin na Wyzynie Waoinicko-Wicluniskiej
4 = pomigdzy Pankami | Krzepicami, b - pomigdzy Konopiskami | Czarnym Lasem (na zachéd od Czgstochowy),

€= pomigdzy Porajem i Czgstochowy,
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Streszezenie

W publikacji przedstawiono wyniki badania hipso-
metrit podloza plejstocenu metody geostatystyczna na Wy-
zymie Wozmcko-Wielunskiej. Glownym problemem ba-
dawczym bylo rozstrzygnigcie, czy glebokie, kopalne
obnizenia sq fragmentam preglacjalnej doliny pra-Warty
(Mossoczy, 1953, Klimek, 1961, 1966).

Paleohipsometrig zrekonstruowano na podstawie
6499 punktow (4862 odwierty, 1637 punkty na Szczego-
fowe] Mame Geologiczne) Polski) w poludniowe) czesci
Wyzyny Woznicko-Wielunskiej, na obszarze 1540 km?
(ryc. . ryc. 2). W plerwsze) czescl opracowania przepro-
wadzono analizg geostatystyczna danych, a w drugiej — me-
toda knigingu zwyczajnego punktowego wymterpolowano
wysokos¢ bezwzgledna podioza plejstocenu i zobrazowa-
no ja za pomoca cyfrowego modelu wysokosciowego.

Analiza geostatystyczna ujawnila strukture prze-

strzenna danych, ktorej cechy odzwierciedla krzywa izo-
tropowego semiwariogramu empirycznego (rve. 3). Semi-
WAarlogram empiryczny jest nieograniczony oraz nie ma
progu, co wskazuje na istnienie trendu lub dryftu w zbiorze
danych. Krzywa empiryczna nie jest wygladzona, wykazu-
Je fluktuacje. Cechami struktury przestrzennej wysokosci
bezwzglednej powierzchni podplejstocenskiej sa: wariancja
nuggetowa, wyrazna korelacja przestrzenna danych na kio-
ra naklada sig stabilizacja wartosei funkcji semiwanogramu
oraz odwrécenie tendenc)i wzrostowej semiwariogramu.

Krzywa empiryczna wskazuje na znaczqcey udzial
czynnika losowego w ksztaltowaniu hipsometrii podloza
plejstocenu. Wyrazem tego sy fluktuacje wartosci semiwa-
riancji oraz dryft w zbiorze danych. Stad wniosck. ze hip-
Sometria prezentowana na cyfrowym modelu wysokoscio-
wym (ryc. 9) jest wynikiem dzialania procesu lokalnego
(preypadkowego). Z uwagi na wyrazistosé form erozyjnych
takim procesem byta erozja subglacjalna.

Krzywa empiryczna zostala przyblizona ztozonymi
mcdglnmi teoretycznymi (ryc. 5, tab. 3), z ktérych na pod-
stawie wynikéw kross-walidacji (tab. 4) oraz oceny inter-

polacji (ryc. 6, 1ab. 4) wybrano najlepiej .paswacy” do
modelu empiryesnego, zbudowanym z trzech modeli pod-
stawowych: nugget effect, pentaspherical 1 power (ryc. Se)

Po zbadaniu anizotropii irye. 7) Opracowano geostatystycz-
ny model anizotropowy (ryc. Te).

W powierzchni podplejstocenskie; Istnieja rynny
oraz owalne zaglgbienia o glebokoscr dochodzacey do 60 m.
Grupuja si¢ one w okolicach Czgstochowy (ryc. 14h, €),
pomigdzy Pankami i Krzepicami ( ryc. 14a) oraz w rejonie
Kiobucka (ryc. 9a). Z uw ag1 na ich ksztalt oraz glebokosé
nalezaloby je uznaé za rynny oraz misy subglacjalne, co
potwierdza hipoteze postawiona przez J Lewandowskiego
(1993). Ich geneza wiazalaby si¢ ze zlodowaceniem od-
ry— ostatnim na badanym terenie Formy te wypelnione sa
zroznicowanymi litologicznie osadami (Szubert, 2004,
2008a, b), co wskazuje, ze w schylkowe) fazie zlodowa-
cenia odry oraz interstadiale przedwarcianskim byty one
elementem sieci dolinnej.

W czasie arealnej deglacjacyi ladolodu odry poprzez
obnizenia subglacjalne odplywaty wody proglacjalne. Nie-
ktore byly jeziorami. W interstadiale przedwarcianskim
rynny w okolicach Panek i Krzepic oraz Klobucka zostaly
wlaczone w sie¢ dolinna odwadniajaca poludniowa czesé
Wyzyny na poinoc i polnocny zachéd. W czasie stadiaty
warty doliny wypeione zostaly osadami peryglacjalnymi
Badany teren znajdowal si¢ wowczas na przedpolu lado-
lodu, co sprzyjalo intensywnej denudacyi peryglacalnej.

Ryc. 10, 12 i 14 ukazujg rozwe) pogladéw w ciagu
50 lat na uklad kopalnej sieci dolinne;, w sytuacji powiek-
szania bazy danych, a w zwiazku z tym wiedzy o uksztal-
towaniu kopalne powierzchni oraz rozwoju metod inter-
polacji od manualnych po komputerowe. Zastosowanie
tych ostatnich, wzbogaconych o geostatystyczna analize
przestrzenna pozwolilo opracowac wielkoprzestrzenny,
wiarygodny obraz paleohipsometrii skianiajacy do reinter-
pretacji poznanych wezesniej (Mossoczy, 1953) obnizen.
Przeprowadzone badania nie potwierdzity tezy, ze kopalne
zaglebienia sq fragmentami preglacjainej doliny pra-War-
ty (rye. 10, 12).
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Abstract

The paper presents the possibility of using archive mining maps in the supplementation of present mining and topo-
graphic maps with im[)nrlam situation details, ¢.g. filled mining shafts. The localization of 98 mining shafts was compared i
the region of Piekary Slaskie to the made based on the archive maps from the inventory made by the mine. The svstem of co-
ordinates Sucha Gora-Soldnera (USG-S) was characterized. In this Syslem many mining maps (present and archival for Silesia)
were made. The approximate parameters of the system were made. The analysis of the directions of the types of transformation
from USG-S into national system was made. The necessity of making a special map of the filled mining shafts was indicated.
This will be helpful in the management plans for of the areas of old metal mining in Poland. The information on archive mining
maps can be easily found in the Internet in the MICARIS (Mine Cartography Information System — www.micaris,gis.edu pl).

OCENA PRZYDATNOSCI ARCHIWALNYCH MAP GORNICZYCH W ZAGOSPODAROWANIU
PRZESTRZENNYM NA PRZYKLADZIE PIEKAR SLASKICH

Slowa kluczowe:

archiwalne mapy gomicze, uklad wspdlrzednych ,,Sucha Géra”, system informatyczny MICARIS, zasypane szyby

Abstraki

Opracowywanie nowych map gémiczych, topograficznych i mapy zasadniczej z zastosowaniem nowoczesnych
technologii, a takze zgodnie z wymogami wynikajacymi z dyrektywy INSPIRE i wladciwymi standardami ISO/CEN jest
doskonaly okazja, aby odzwierciedlaly one rzeczywisty stan zjawisk i proceséw zachodzacych — takze w przeszlosci - na
danym terenie, Inwestorzy w Polsce coraz czgscie) natrafiajq na zasypane szyby dawnego kopalnictwa, ktdrych nmie ma
na aktualnych mapach gémiczych, Autorka zbadala pruskic mapy z atlasu ., Karte des Oberschlesischen Erzbergbaues "
Zrejonu Gomego Slaska, uzyskujac wysoka kartometrycznosé i zgodnoéé faktograficzng tych map. Pordwnano lokalizacje

G "AGH, Wydz. Geodezji Gémicze) i Inzynierii Srodowiska, Katedra Ochrony Terenéw Gémiczych, Geomnformatyki 1 Geodezji
iczej,
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1. Introduction
out their activities in post-
bt ould realize that new objects are _"ﬂd'"
:;:ft::: ;:pccislly in places of old shafts, liquidated
warkings of shallow exploitation, places where there were
endslides in the past, where riverbeds were changed and
hydrogeological conditions were modified etc. In many
cases moving @ new structure just several metres can -
prove technical conditions for the object and safety of s
situation. The presented paper emphasizes the fact that ar-
chive documents including historical mining maps are very
jmportant in making decisions in the questions of en vuon
mental profection in the post-mining arcas. It is easier 0
;ﬂthandmtolhetutcmctsystmhﬁCARleMme Car-
tografy Information System www.micaris,gis edu.pl). Prop-
eruse of the information included in old mining maps paves
thcwlympmg\:ssmdmfetyofmmyacmritiﬁ in mining.
both in the rock mass and on the surface of post-mining
arcas. The MICARIS system — an on-line catalogue of ar-
chive mining maps — was made at the Faculty of Mining
Surveying and Environmental Engineering, AGH-UST
within a research project” the author was the manager of. It
enables potential users 1o browse and search the resources
and leamn the conditions of using the service (Maciaszek J.,
2009), At present there are about 2 500 archive descriptions
in the MICARIS system in the Internet. Also there and
in the paper by J. Maciaszek (2009} there are basic data and
Proper use of the information contained in old mining maps
increases the safety of many mining activities both in the
rock mass and on the surface of post-mining areas.

Every invesior camying

* Research proj
<t project no. 4TI2E05728: System informacyi
oxblom;: ;:kmw‘n;th_ dotyczqeych eksploataci gdrniczych na
lerenie i (h&mm on archive collections refer-
mng o the mining exploitation in the area of Poland].
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The presented paper emphasises the et thay jy, ¢ .
questions of environmental protection and the manageney
afpost-mining areas, archival documents, including historical
mining maps have a great significance in decision making
Gaining access to them, them 1s easier due to the Internet
system MIC ARIS (Mine Cartography Information System)

In the areas of Bytom, Tarnowskie Gory and Pickary
Slaskie, metal mining has been developed since prch::;-
toric times. It went through different developmental perogs
The fall of demand for metals caused the fall of mining, and
the revival of demand increased mining. From the 18% cep-
tury until the Second World War more mining fields, mines,
shaits and metallurgy plants appeared in the described re-
gions, which proves great demand for the resources,

The exploitation included the ores of iron, zinc and
lead, and in small amount silver and copper. After the his-
torical exploitation of ores thousands of shafts remained, yet,
at the end of the 19* century and the beginning of the 20°
century they were liquidated. The way of their iquidation was
unknown due to the lack of reliable sources. The experience
and inventory made by the mine | Zbiorcze zestawienie.. ]
(tab.1) show that many of the liquidated shafls can pose threat
o the ground surface and the objects located there. The ex-
amples were: flooding from the Szarlejka river in 1972 and
a sudden disappearance of water by getting into the old mine
workings; numerous cases of the activation of small shafls;
the collapse of the floor in the building of the Technical High
School in Bytom (Kubajak A. et al., 2007). Finding the loca-
tion of every unknown working of shallow mining explotiation
is helpful in the management of the post-mining areds

2. Studies of the Usefulness of Archive Mining
Maps from the Region of Pickary Staskie

¢ maps was

The problem of the usefulness of archiv '
7 5 ary Slgskie,

presented taking as an example the region of Pick
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where old exploitation wis very mtensive and nich historie
cartographic documentation exists, The subject of detailed
analyses was establishing the location of old mining shatts.

To study the reliability, carthometric accuracy and the
possibility of present application of archive mumng maps,
the comparison of the co-ordinates 98 shafls was camed out
for the region of Pickary Slaskie. The co-ordinates were tak-
en from the mine large-seale maps n the Sucha Gora system,
with the situation of thesc shafts in the maps of the atlas Karte
des Oberschlesischen Er=bergbaues (The Map of the Upper
Silesia Ore Mining) later on referred to as Erzkartc

The Erzkarte atlas consists of 26 maps with a scale of
1:10 000 and | review map with a scale of 1:100 000 (fig. 1)
was issued by the Royal Higher Mining Office i Breslau in
1911-1912. The maps were made by Bruck - a surveyor of the
Royal Higher Mining Office. The following deposits were
marked in the map: red and white calamine, sphalenite (Zn).
galena (lead ore), ron ore and kmanute (fig. 1), The oceurrence
of mixed deposits and secondary deposits is marked on exploi-
tation surfaces with points and lines of different colours, ex-
plained in the map legend. The other lines were marking defi-
nite and estimated borders of the occurrence of: metal-beanng
dolomites, muschelkalk and other borders. The cover page and
legend were written in German, There are points of the obser-
vation line in some sections of the maps, which shows that
these maps were based on triangulation and altitude measure-
ments, which is discussed in the further part of the article
Taking into account the size of a locality the following catego-
nes were distinguished: eities and quarters within cities, towns,
villages, hamlets. Selected objects were also marked (among
others churches, shrines, schools, windmulls, watermills, rail-
way stations and post offices). Hydrography was very poortly
illustrated, only some rivers, wetlands and other water bodies
were marked, Communication links are roads, rilways and
canals; in cities and towns streets, the names of which as well
as other descriptions in maps are in German. The borders and
names of mining fields were included, which enables the tus-
torians to know the property situation before 1912".

Fig. 2. marks the localities giving the names for in-
dividual maps presenting ore exploitation. The sheets of

) * The papers containing the description of historic mining
fields for hard coal based on archival mining maps, are for- the Cieszyn
Silesia [4], Walbrzych region (6], Dabrowa Giémicza region [5].

the maps with mining shafts used for this paper were
marked with hatching. The reader can learn more about
cach map section after logging into the system using the
following address: www.micaris.gis edu pl. Section maps
have a very rich content, mainly geological, at each of
them, on their bottom (sometimes also on the sides of the
map) there are geological profiles with explanations. These
maps should be interesting not only for communes having
muning industry, but also for scientific centres included in
the European project GeoEurope 30F or making geoportal
IKAR’. They give the possibility of systematic complemen-
tation of missing geological and mining data 1n the data-
bases formed there according to the geostandards and pre-
pared to make many analyses regarding changes in time

Fig. 1. The map from Erzkarte atlas No 16 presenting the area
of Piekary Slyskie ~ Szarlcj. Exploited ores: yellow —
sphalerite; red — calamine; blue — galena; brown - li-
monite. The discontinuous line presents probable
borders of the occurrence of the deposits, the con-
tinuous line ~ borders of mining fields. The maps from
the atlas are in the archives of the Higher Mining
Office and State Archive in Katowice

Rys. 1. Mapa z atlasu Erzkarte Nr 16 przedstawiajacs obszar Pie-
Kar Staskich - Szarleja. Oznaczenia rodzajow eksploato-
wanych rud: zolty - blenda cynkows; czerwony — galman;
nichieski - galena; brunatny — zelaziak brupamy (ruda
darniowa). Linia przerywans oznacza proypuszezaine
granice wystepowania tych 242, 2 linia ciggha - granice
ol gorniczych. Mapy z atlasu znajduja sie w archiwach:
WUG oraz Archiwum Panstwowym w hatowicach

* hitp://3d2fc ‘tags/gis go | peexcel/
* hutp://ikar.pgi.gov.pl/Porall
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2. Waajemne polozenie arkuszy map atlasu

o Oberschlesischen Erzbergbaues

For the studies connected with the aim of this paper
6 maps were selected from the atlas. Their numbers were
the following (compare fig. 2):

*Nrll -hvdmlmg{ﬁuchaﬁh)i :

« Nr 15 - Miechowitz Dombrowa (Miechowice Da-
browa);

= Nr 16 — Scharley (Szarlej
skie);

* Nr 20 - Karf (Karb);

+ Nr 21 ~ Beuthen (Bytom):

» Nr 22 - Gross Dombrawky (Dabrowy

The Coal Company Kompanic 1t celowa s A Zaa
Garniczy "“Piekary™) carmied out w |!I|m the borderg nfm,q f
ing arcas “Rozbark I, “Piekary Slaskie™ and "Bmc-_:_"?‘.
Slaskie” the inventory of most shaits, defining fo, Ih..-f.}
such parameters as: the name of the shafl, it rllnc|i“n]
depth, coordinates (some parameters were reg :

- ad from 4.
chive maps). after field invesugation it Was also g

4 part o Piekary S
¥ Sly.

i \\-'J._-|LM_

! ! tablisheg
if the shaft poses threat for the surface (Zhioreze sty
tenie...). For these shafts a numerie database Was magdy

employing Microsofi Excel program. Dye 10 much mgpe
accurate localization of shafts carried out by the mine, thys
set was treated as the base for the comparison with shafis
that were put on the Erzkarte maps made with o scale of
1:10000. After the calibration and vectorization of the
analyzed section of the atlas, the co-ordinates of shafls were
read in the co-ordinates system “Sucha Gora™, as well as
their names and depths. The values were compared to the
data obtained from the mine (a fragment of the database
— without geographic co-ordinates shafls — is illustrated in
Tab. 1.)

Table. 1. The fragment of the database from the inventory of shafts in the region of Pickary (source: autor’s own work based on

the maps of Erzkarte and materials from Kompania Weglowa S.A.)

Tab.1. Fragment bazy danych z inwentaryzacjy szybéw w rejonie Piekar (2rédlo: opracowanie wlasne na podstawie map

Erckarte orax materialéw z Kompani Weglowej S.A.)

The Name of the Shaft Threat for Surface The Ul_rfcm:c
No. | ShaftNo. Shag According 1o the Assessment | m the Situation
From the Mine From the Maps o from the Mine of the Shaft [m]
1 | Shatg Jankiel Jacckel 6.0 No threat 188
2 | swmii3 Adolf Adolph 13.5 No threat 133
3 | shaR24 Pawel Paul 028 44
: 4 Shaft 27 Adam Adam 416 79
5 suaza Paulina Panline 366 62
: SHan2y Dorota Dorotea 255 No threat 36
T m” : Aleksander Alexander 204 No threat L
- M’;' Wiy Valerius 373 ;:
7 Zoajda Fund 159 No threat :
Shafi 35 Hugon Hugo 32 6.7
1 Shafi 36 . . 52
— Xowtmn | Consunin | 340 :

THE ASSESSMENT OF THE USEFULNESS OF

o

ARCHIVE MINING MAPS IN THE SPATIAL MANAG

EMENT.

M2 Shaft 41 Dreschler Drechs
13 Shaft 43 Agat Edler
4 Shaft 45 Lachodm West No threat
Is Shaft 52 Wigury Schmidt |
16 Shaft 56 Jerzy Georg =
17 Shafls9 Ksigze Furst Hugo
18 Shait 60 Baildort Baildort |
) Shaft 70 Zmija Schlang No threat
M0 Shaft 75 Karol Suhuhcm
21 Shaft 76 Hajdy Brauer
22 Shaft 80 Mana Marie N threat
3 Shafl 81 Adolf Adolt No threat
24 Shatt §2 Lazarz Lazarus |
25 Shatt 83 Wialenty Augusi No threat; filled before 1960
26 Shaft 99 Eliza Elise No threat
27 Shaft 101 Wojcrech Albent
28 Shaft 113 Graniczny Girenz No threat 56
2 Shaft 114 Powietramy Wetter 802 No threat 114
30 Shaft 118 Narutowicz Holh 882 No threat 83
k] Shaft 120 Jacek | Clothildes 108.7 No threat [T
32 Shaft 127 Walter Walter () No threat 113
33 Shaft 128 Pawel Paul 66.7 Mo threat 7.1
34 Shafl 129 Bethlen Bethlen 626 29
35 Shaft 133 Jan Johann 713 80
36 Shaft 134 Maszynowy Muschinen 754 318
37 Shaft 135 Poszukiwawezy Fund T0.8 42
I8 Shaft 136 Helena Helene No threat 45
39 Shaft 137 Polowanie Jagd 618 8.7
40 Shaft 139 Powietrzny Wetter - No threat 5.0
41 Shaft 142 Witold Abel 434 No threat 35
| 42 Shaft 149 Dolki Maximili 408 42
43 Shaft 152 - - 32.5 No threat o0
44 Shafl 153 Marcin Martin 240 No threat 46
45 Shaft 154 Poszukiwawezy [V - 11.8 No threat 39
46 Shaft 156 Poszukiwawezy V| Fund 272 No threat 15
47 Shaft |58 Skrajny Roland 113 No threat 6.5
48 Shaft 162 Sredni Mittel No threat
49 Shafl 163 Powietreny Luft
50 Shaft 164 Helena Helene
51 Shaft 165 Stefan Stephan
|52 | Shat 166 Anna Anna
| 53 | Shaft 168 Wodny Wasser :
54 Shaft 169 Bieda North - No threat 52
| 55 | Shat 170 Maria Maria 16,3 No threat 1.8
56 | Shafi 175 Olga = 521 No threat 19.5
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== No threat
»—-—5? No threat
8 .
59
w ]
61 : ]
62 | Shaft 181 A
& | swnie
64 | Shaft 183 Yossible £ I E | 7.0
65 Shaft 184
[ o T
61 : Pauline
58 | Swfiiss Paulina S
69 | Shaft 189 Beniamin GJ
70 | Shaft 190 Jerzy A‘:]g P :
Ui Shef 124 A;d:]f Friedrich 27.3 No threat 135
1 Sl 2 Pomoc Gotthelf 26.2 No threat 32
73 :ﬁ ::: B::Ny!ll Exnesthinie 313 No threat 5.0
74
7 Shaft 196 Barbara Barbara 34.0 76
7 Shaft 197 = czy X = 36.6 No threat 9.6
71 | Shafi232 Jakub Lieab 30,0 No threat 1 f.n
= Shaft 234 Laka Wiese 17.2 No threat 12.8
79 | Shaft235 Mieszko Otto Masch 41.0 170
80 | Shaft236 Poszukiwawczy Wers 340 No threat 73
81 Shaft 240 Poszukiwawezy Wers 30.0 Na threat
82 | Shafi244 Udo Udo 742
83 | Shaft249 Otyha Ouilie 314 No threat
B4 | Shafi 250 Wschodni Osten 314 No threat
85 | Shafi276 Shaftd = 387
86 Shaft 277 Maszynowy Masch 83.0
87 | Shafi278 Poszukiwawczy - 315 No threat 4.9
88 | Shan279 Maszynowy Masch 384 No threat 82
89 | Shaht280 Olcha Escher 273 No threat 78
90 | Shafi283 Karol Carl 212 No threat 84
N | Shaft 284 Hugo Hugo 217 No threat 1.3
| ShADRS Gwidon Guido 254 No threat 47
ﬁ Ehak 286 5.1 8.1 250 No threat 47
T e AL Sli 300 No threat 42
R =2 Maciej Mathiuss 878 24
5 msﬁ Zosia Scotti 108. 5.6
et Ryszard B 01
98 | Shaft308 Zbyezk ertha Z No threat
= No threat
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‘Table. 2. The comparative analysis of differences in the situation of shafts (differences in metres)
T:h 1 Analiza pordwnaweza réznic polokenin szybéw (roznica polotenia w metrach)

0=2m 2-6m 6-10m 0-20m 1 v
6% 39% 37% 17% ™
Table. 3. The comparison of depths of the analysed shafts
Tah. 3. Zestawienie glgbokosci analizowanyeh szybow
g AN A= m 40 - 60 m 60- %0 m “80m
‘ 10.5% 50% - 13% 17% o

Astresults from the camed out analysis (Tab. | and 2),
a good compatibility was obtained referring to the location
of shafts on both maps ranging from 0.1 mto 22.4 m - on
average 7.1 m (10 m actually = Imm in the map scale),
which proves that archival maps fulfil their documentation
role providing a lot of accurate and valuable information.
Many shafts, as much as 50% of them, were between
20 and 40 m deep. This shows shallow exploitation of ores
(Tab. 3). The zinc and lead ores are distributed very ir-
regularly; the deposits can be in the shape of lenses, veins,
pseudo-seams, thin bands and sometimes lumps of native
stlver, thus the exploited deposit often suddenly “disap-
peared”. In the technique of metal mining a huge number

of shallow shafis (often very small ones) was made to seck
the deposit, which was cheaper than making searching
excavanons. The deepest shafis are 108 7m deep, because
the ores are in the Tnassic geological formation up to such
a depth — to the limestone called basic limestone.

Here itis worth mentioning that in the studied maps
shafts have depth descriptions (from 8.4 m 10 76.0 m on
average 39.6 m, 27 other missing shafis do not have depth
descriptions. These regions were marked in fig. 3. with
a symbol with no number. On the other hand, the mine had
many shafis which were not present on the analyzed maps.
That means they came from the later period than the
Erzkarte map were made, i.e. after 1912,
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<is of the Impact of Co-ordinates

al
m:’- :::h::..o:lﬁﬂ of the Filled Shafts.
Sy

find the place where

n use GPS, pm\-ided
co-ordi-

S lem is 10
A significant probl
a given shaft was. Nowadays We o

we have graglap!nc l:ﬂ'mdlnam of the s haft (or
.
ha

"
1.1. A Local Co-ordinates System “Sucha Gora

Frskarte Maps were made in a system at local

co-ordinates called *Sucha Gora™ (later on referred to as
USG). The studies were prescnted in papers [1.9,10]. So
far there have not been exactly defined coefficients of the
transformation from USG into national systems, thus it _:s
not possible to automatically change info a gcogr_aphlc
system, The problem of the transformation of co-ordinates
from USG into system 1992 and 2000 is at present very
important due to the Directive by the Polish Council of
Ministers on the National System of Spatial Reference
(Rozporzadzenie...), according to which all basic maps
and mining basic maps should, by the end 2009 be made
in system 2000, while maps of smaller scales in system
1992. Nowadays mining maps are made on cartographic
cards by hand and transformed into numeric maps. The
rule was accepted that they would be made in the co-ordi-
nates system 2000, uniform for the whole Poland.

At present many centres are working on a transfor-
mation coefficicnt, thus any new experience in this field
should also be helpful for other researchers. I is worth
mefttioning that no Polish geodetic program containing
transformation module between the systems of co-ordinates
has transformation from the Sucha Gora system into any

other national system, although many basic mining maps

In the first version of the Sucha Garg
; o (USG-S)
mgm, a modified Cassini-Soldner parallel projection was

system on the original ~ ellipsoid with spheroig .
) ; ”
nates (£, n) (fig.4a): rds

L 0}
Ul
’ »
x aa r

[

i ¥ U
o

ol
1 T

Fig. 4. Axes of co-ordinates in the Suchy Gira systen.
a) ellipsoid system (€, 1), b) USG-S Soldner rtﬂangu:
lar system, ¢) USG-G rectangular system j, Guss.
-Krilger projection.

Rys. 4. Osie wspélrzednych w ukladzie Sucha Gora: a) ykiag
elipsoidalny (. 1), b) USG-S prostokatny Soldnera,
¢) USG-G prostokatny w odwzorowaniy Gaussa-
-Kriigera.

A flat system with ellipsoid co-ordinates (X, ¥)on
the projection field — later on referred to as Soldner
co-ordinates — was designed in such a way that for any
point P (€, n) in the original and for each picture P'( Y7
the following relation is true:

E=X n=Y

Historic roots of the flat USG-S system are shown
by its axes:

* axis X overlapped with the image of the meridian
going through point SG and was directed sounthwards.

* Axis Y, being the image of the surveying line going
through SG was directed westwards (fig. 4b). _

The points can have positive and negative co-ordi-
nates. In the presented paper the quarters for this system
were introduced to carry out the comparison of transforma-
tion coefficients for different signs of co-ordinates in re-
spective quarters and to define the scale of the coefficient
in directions,

The Soldner Projection preserves the proportions 'I"
distances in the direction of Y axis, i.e. the sections ul_bﬂ“'S
perpendicular to the main meridian are projected “'“.h?u‘
distorting the lengths, In the same way the main m‘"df“:
is projected and the sections parallel to the main mendin
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relatively quickly get elongated with the growing d|stancel
from this meridian, Also the growth of the dcfcmlzllu.ms of
angles and areas 1s quick. This projection was applied to
mine surveying.

In the second version of (USG-G) system tangent
Gauss-Krilger projection was applied to Bessel ellipsoid
with the central meridian going threoug point SG. Axis X
overlapped with the picture of the meridian and was di-
rected northwards. Axis Y overlapped with the perpen-
dicular line going through point SG and directed eastwards
(fig. 4¢). The co-ordinates in this version are later on re-
ferred to as Gauss co-ordinates X ¥_in the “Sucha Gora”
system The reference area in this projection version was
an elliptic cilinder tangent to the surface of the Bessel el-
lipsoid n the initial point of SG. This is a multi-angle pro-
Jection, which was applied to cadastre surveying work.

The transition between co-ordinates of both projec-
tions (from USG-G into USG-S) is made with the follow-
ing formulae (Rajnich R. et al., 1986):

X=X

(0 i

= YS
FG = Ys + 6 N:
gdzie:
X. Y, - Soldner co-ordinates,
X Y, — co-ordinates in Gauss-Krilger projection,
N~ the radius of the curvature of the elhipsoid’s
meridian in the first vertical.
Geographic co-ordinates of SG point are according

1o two sources the same and equal to (Michalowski, Sikor-
ski, 1932; Niemezyk, 1951);

B = 50°24'42 8922"
L =18°52'39.9732"

The values of SG co-ordinates defined based on the
contemporary measurements in EUREF - 89 system (Sza-
farezyk, Szymezyk, 2003) equal:

B =50°24'38 90851 ",
L= 18952'30.891 02"

Differences in co-ordinates are mainly caused by
different ellipsoids and their point of applications, In the
first data the Bessel ellipsoid was applied with the point of
application SG, in the second data — ellipsoid WGS&4 with
the centre of the Earth accepied for the caleulations in such
a way that it overlaps with the centre of the mass of the
Earth and the polar axis with the “mean" rotation axis of
our planet.

As has been mentioned earlier, the maps of the Er=-
karte atlas were made 1n USG-S system. Situation measure-
ments were based on triangulation of 1885 and 1901. The
first triangulation 1s the Prussian Triangulation Network,
which as the Higher Mining Office in Breslau ordered. was
counted nto USG-S, In the region of Rybnik this network
was supplemented for the purpose of mining by Biler,
a mine surveyor [Warchal B ]. The network supplementing
the trangulation of 1885 was the tnangulation of 1901,
made for the needs of mining by the Trigonometric Divi-
sion of the Royal Prussian of the C. ountry Surveying Office
on the request by the Higher Mining Office in Breslau. All
the existing in this area points of the 1* and 2+ order of
state triangulation were included into this network. The
supplementary measurement allowed the definition of
the co-ordinates of many points of the 3% and 4* order. The
co-ordinates of this triangulation were also determined in
system USG-S.

[t should be assumed that all the points of the control
line in the maps of Erzkarte come from those triangulations,
for which the catalogues with the co-ordinates can be found
in Poland (also in existing mines, possessing mIning maps
made in system USG-S). To find the coefficients of trans-
formation from this system and transfer into national Sys-
tems it would be enough to find several permanent points
from old tniangulations, (well distributed to maximize the
accuracy of the adjustment) and make the GPS measure-
ment there. Unfortunately, after more than 100 years, these
points are difficult to find, because most of them were de-
stroyed. Even if some of them are found, one should real-
1ze that they could be displaced even by several metres due
to the deformation of the surface in mining areas. The Re-
gion of the Upper Silesia Coal Trough is large, the range
of the application of the USG-S system exceeds the area
of 35 km = 40 km. We should realize that projection defor-
mations at the margins of this system are larger than in its
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126 the joining points and other points having Co-ord;
ing this system 10 state s}sl:ms in both systems) — testing; Mates
central part. In mnsfm‘s‘ the tumning between ::: §) defining coeflicients of the transformation frop, USGsg
one should take Into AcCOUDE of the Mnl'hsﬁ]&m into system 1942 and geographic system and caleyly,
systems. 35 f'“'sﬂ:;.m depending on the plater ing geographic co-ordinates for the examineq shafis,
value of which can _ also from other systems O ::; 9) makinga supplement with old shafts for the “‘PBBH;:J;-
direction. AS it 15 ke 4 r“mcdi,:;:ons to 5 ic map (the fragment of a new map s Presenteq i
i expect that in 3 fig. 5).
Mmmo"-‘mwwmrmsmﬂ'“?" E
e
?“m# or from the tables with corrections, fepcar
on geographic situation.
and the Amaly-
3.2. Co-Ordinates Transformations

sis of the Influence of Co-Ordinates Systems on the Loca-
fization of Filled Shafts

For this article the author made amsfon.'nlatfun
wdmwuﬂdmnrmmmlinffmoommg
M—MM-PL]MMWB&MM
Er=karte maps and contemporary topographic maps made
with a scale of 1:10 000 in sysiem1942. The calculated
Mﬁﬂﬁﬂflhzshﬂsmuzdwbtingingﬂ?mnon
2 topographic map (in system ]942, the transformation can
also be performed in any national systems). All the work
was carried our according to the following scheme:

1) scanning of archive and topographic maps;

2) calibration of archive maps in the USG-S system;

3) calibration of topographic maps in system 1942;

4) finding common terrain details on both maps and find-
ing approximate transforming formulae in C-GEO pro-
gram based on 76 points (Helmert transformation);

5) preliminary calculation of the corners of the archive
1Maps into system 1942 based on the determined trans-
formation co-ordinates and repeating the calibration
archive maps in this system;

6) identifyin g the same situation points (based on archive
o ic maps) so that on cach section of the
archive miapsthere are several joining points, more or
less equally distributed. In the case of 3 suiller number

Fig. 5. The fragment of a topographic map with the analyzed
and missing shafts (shafts numbers compliant whith
s i li miib

5. Fragment mapy topograficznej z analizowany ra-

e kujacymi szybami (numery szybiw zgodne z tab, 1)

Below the comments resulting from the carmed out
works and analyses are presented:

1. The calibration of maps was made in CADRaster PRO
version 7.1 of the Tessel Systems. The transfarm.-‘!lmn
of raster map (also called calibration) means .thc‘:r ad-
Jjustment to the system of co-ordinates. It cllminatcs
irregularities occurring in the raster piclun:._ malun‘g1 IJ!IG
map cartometric. There are many calibration mo cs
In the paper a two-cubic model was chosen (min. 16 ":c‘n
tors) getting mean-square errors (i.¢. difference bCIWd :
the final destination point and the point calculated by
the program) ranging from 0.568 to 1,645 m. iy

2. Preliminary Helmert transformation a (Pf:‘:‘;? f
angles) of the USG-S system into sysllﬁm Flh; (ol
76 joining points allowed the determination @
lowing co-ordinate of transformation:
u=-0.0286157496, v = -0.9991 47932?
transformation error m = 5.535 m and Wi

with the mean
th adjustments
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on the adjustment points reaching: I':ur co-urdmal:: X
0.14+14.66 m. and for co-ordinate .‘| 2-0.20-1542 m
This transformation allowed choosing hc:r;l 21 au.!;u.xf—
ment points for tests, because the errors of the co-ordi-
nates of adjustment points are best seen in general (af-
fine) transformation of the 1” degree of' cqll.jl-an gle trans-
formation of the 1" degree (Helmert transformation). As
we already know, the co-ordinates of joining points were
determined graphically based on the 1:10 000 maps, thus
they are loaded with considerable errors. . ‘
3 Test studies were to compare the accuracies of the direc-
- tions in different kinds of the transformation (m,) and
their influence on the error in the point situation (m,)
after transformation. For this purpose, Helmert trans-
formation was carried out (mulu-angle conformal) and
the affine transformation (multinomial, non- confor-
mal). The problem appearing during the transformation
of co-ordinates is establishing the degree of the trans-
forming polynomial. With Geonet program of 2006 the
transformations with combined polynomials were car-
ried out, getting the following adjustment errors:

— Ist degree polynomial: m, =392 [m]

~ 2% degree polynomial: m, = 3,58 [m]

~ 3" degree polynomial: m, =3.62 [m]

— 4% degree polynomial: m, = 3.58 [m].

The best adjustment and the smallest errors of trans-
formed points were obtamed by affine transformation of
the 2* degree. Polynomials of higher degrees can shightly
change the transformation error, but increase the errors of
transforming points. So the conclusion can be made: there
&5 no need to apply transformations of higher degrees, when
the co-ordinates of adjustment points are nor very acctrate

* Using the determined coefficients of affine trans-
formation of the 2w time from USG into system 1942 the
co-ordinates of shafis were determined in this system and
the shafts were marked in the topographic map;

* In program C-GEO the co-ordinates of shafis were

also caleulated n a geographic system, but because the
author has been continuing her research on marking many

USG.s parameters, therefore Tyble | does not contain
their’, co-ordinates,

————

Further stugies on USG-S, include making a supplement with

L
I
the points of ol tMangulations, reading geographic co-ordinates from the

* The author carried out the companson of the co-
ordinates of 8 points for which the co-ordinates in USG-S
were known and on which the GpS measurements were
made obtaining geographic co-ordinates on the ellipsoid
WGS-84 (Sprawozdanie. ) The mean error of the situa-
tion of 8 comparative points was 5 46 m, which in the map
with a scale of 1:10 000 (used for the studies) is a satisfac-
tory result

4. Closing Remarks and Conclusions

Making new numeric mining topographic maps and
the basic map applying modern technologies as well as
according to the Directive by the Council of Ministers
(2000) and proper standards 1SO/C EN 1s a good opportu-
mity to make them reflect a real state of phenomena and
processes taking place ina given area, also in the past. New
techniques of collecting, processing and visualization of
cartographic data allow their easy up-dating, transfer into
the directions of processing systems, and consequently the
possibility of their use by many interested people and busi-
ness enterpnises. The data presented in archive mining maps
have not only historical value, as the carried out studies
showed. They are good in the supplementation of present
mining maps (with old, usually filled mining shafts of dif-
ferent size), and even topographic maps of Poland (by mak-
ing a proper thematic adjustment).

The information on historic shallow exploitation
should be in spatial databases of each mining commune
and help in making up-to-date plans of land management.
This will allow avoiding many investment mistakes and
will contribute to defining the regions of possible impact
of old mining exploitation. The necessity of making
aregister of old shafts can be illustrated by the quoute
from an article of a daily newspaper “Trybuna™ no. 229
of 30/09/2009 - “Kioporliwy s=yb™ (A Troublesome
Shaft): ., The research and securify work is going on ar
an old 150-m mining deep shaft, accidentally discovered
by the workers during the construction of the western
section of the road in Zabrze. It makes a part of a key

catalogues, and co-ordinates m USG-S from archive maps, measurements
will be the topic of further publication of the author.
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jon of the
communication route Jor the whole urban region @
Wfimb:d shaft has a diameter af abo '
rruction has never been marked on aﬂycaafempmun
S sketches, It can only be seen on Prusstan mining
sisd gﬂdm the turn of 19th and 20th centuries. They
::?m others) in the archives of the Zabrze¢ Coal Min-
ing Museum. [t also turned out that an identical shaft was
Jocated in tha area of the car parki of the near-by :u;n’rt
market. It was only there where the ground collapsed a few

wt 6 m. This

L5k ‘Bg:ed on the author’s studies (exatcly m “Prus-

sian maps” from this museum) the following detail conclu-

:mmmfmg the location of the filled
shafis (and boreholes) is, based on archive maps, about
10 m (Imm in 1:10 000 maps).

2. [t is recommended to supplement present maps based
on historic maps, because on present maps many liqui-
dated shafis are missing. It is also possible to make
a special mining map of the supplement for the topo-
graphic map showing old mining and give it to the in-
terested mining communes.

3. It1s recommended to make “topographic descriptions
of filled shafis” based on the available maps and pass
this information to a proper institution (e.g. to the ar-
chives of the Higher Mining Office in Katowice).

4, There are works being continued on getting more ac-
curate parameters of the local system “Sucha Gora™. It
should be assumed that soon it will be possible to make
transformations from a local system “Sucha Gora”
1nto @ geographic system, which gives base for the lo-
calization of every shaft in the area with GPS receivers
and making detail studies, e.g. georadar, before a new
mnvestment is made.
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Streszezenie

W pracy zaprezentowano mozliwoéé wykorzystama
archiwalnych map gormiczych do uzupetniania aktualnych
map gorniczych 1 topograficznych o wazne szczegdly sy-
tuacyjne, np. zasypane szyby gomicze. Poréwnano loka-
lizacje 98 szybow gdmiczych w rejonie Piekar Slaskich
wykonana na podstawie map archiwalnych z inwentaryza-
cja wykonang przez kopalnig. Scharakteryzowano uklad
wspolrzgdnych Sucha Gora-Soldnera (USG-5) w kiérym
wykonane sa liczne mapy gornicze (aktualne 1 archiwalne
dla Slaska) i wyznaczono przyblizone Jego parametry.

Przeprowadzono analiz¢ réznych rodzajow transformacji

z USG-S na uklad panstwowy. Wskazano na koniecznoéé

opracowania specjalnej mapy zasypanych szybow gomi-
czych, ktora bedzie pomocna w planach zagospodarowania
przestrzennego terendw dawnego gémictwa kruszcowego
na ziemiach polskich. Informacje o archiwalnych mapach
gomiczych latwo mozna znalezé w Internecie w systemie
MICARIS (Mine Cartography Information System — www.
micans,gis.edu.pl).



